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FOREWORD 


This  report  was  prepared  by  the  Nuclear  Division  oi  Martin 
Company  for  submission  to  the  Nuclear  Power  Field  Ofiice,  Engine^- 
Research  and  Development  Laboratories,  U.  S.  Army  Corps  of  Engi  - 
neers. 

The  report  was  prepared  under  Contract  DA-44-009-ENG-358i  and 
summarizes  the  results  of  the  ANPP  Corrosion  Program. 
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SUMMARY 


This  report  summarizes  the  results  of  four  years  ''f  corrosion 
testing  performed  by  the  Nuclear  Division  of  the  Martir  Company  for 
the  U.  S.  Army  Corps  of  Engineers,  under  the  ANPP  Corrosion  Pro¬ 
gram.  The  objectives  of  the  program  were  to  investigate  the  suit¬ 
ability  of  various  materials  for  heat  exchanger  fabrication  in  nuclear 
power  plants  and  to  investigate  the  effects  of  various  water  treat¬ 
ments  on  the  performance  of  these  materials.  Static  autoclave  and 
dynamic  loop  tests  were  performed. 

The  results  of  these  tests  have  shoi^n  conclusively  tliat  Licunel  is 
superior  to  all  other  materials  tested  s*  simulated  nuclear  service. 

A  wide  range  of  environments  from  high  purity  water  to  water  contain¬ 
ing  high  chloride  concentrations  was  used.  The  criteria  of  comparison 
were:  resistance  to  general  corrosion,  pitting  corrosion,  crevice  cor¬ 
rosion  and  susceptibility-  to  stress  corrosion  cracking. 

AISI  Type  304  austenitic  stainless  steel,  AlSl  Type  4?'*  •"ei-ritic 
stainless  steel.  Inconel.  Monel  and  nickel  were  tested  in  tilting  auto¬ 
claves.  Test  exposures  varied  considerably,  as  did  environmental 
composition.  304  stninlcss  sted  scvcjrcl^  in  120— 

hour  tests.  The  Type  430  stainless  steel  pitted  badly  in  120-hour  tests. 
Inconel  suffered  very  slight  incipient  attack  after  2000  hours’  exposure 
to  a  severe  environment.  Both  Alonel  and  nickel  pitted  somewhat  after 
2000  hours  *  exposure  to  a  severe  environment. 

Miniatdre  heat  exchangers  tubed  with  AISI  Type  304  stainless  steel, 
Croiqy  lS-1,  bimetal  with  low-carbon  steel  facing  the  secondary.  In¬ 
conel,  Monel  and  nickel  were  tested  for  varying  times  in  a  wide  range 
of  environments.  Two  of  the  three  Type  304  c*=»inless  steel  heat  ex¬ 
changers  cracked  and  failed  within  a  short  time- -one  after  only  42 
hours’  exposure.  Two  of  the  three  Croloy  i6-i  vessels  failed,  and 
all  three  suffered  rather  severe  pitting.  None  of  the  three  bimetal 
miniature  vessels  with  lo-w  carbon  steel  on  the  secondary  side  failed. 

Out  all  showed  varying  degrees  of  pitting  and  gross  loss  of  surface 
metal.  The  four  Inconel  vessels  suffered  notliing  more  than  superficial 
attack,  even  after  long  exposures  to  environments  containing  high  con¬ 
centrations  of  dissolved  chloride.  The  two  Monel  vessels  and  the  two 
nickel  vessels  -were  pitted  to  varying  degrees. 

Model  configuration  heat  exchangers  t-ubed  -with  AIPI  Type  304  stain¬ 
less  steel,  Croloy  16-1,  bimetal  -Aith  1o-a'  carbon  steel  facing  the  sec- 
cndaiy,  and  Inconel  -were  tested  under  eonditior^s  comparable  to  the 
■ninlature  vessels.  The  model  vessels  -A'ere  tested  in  sets  consisting 
of  one  steam  generator  and  one  superheater  in  series.  The  supie. heat¬ 
er  of  the  Typ^  304  stainless  steel  set  failed  after  about  2000  hours. 
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The  second  environment  in  the  steam  generator  contained  about  50 
ppm  chloride.  The  two  sets  of  bimetal  model  heat  exchangers  suffered 
varying  degrees  of  corrosion  in  proportion  to  their  conditions  of  ex¬ 
posure.  The  set  with  Crolcy  lS-1  tubes,  particularly  Use  superheater, 
pitted  severely.  The  Inconel  test  vessels  (two  sets)  were  attneked  only 
superficially.  No  Monel  or  nickel  model  heat  exchangers  were  tested 
in  this  phase  of  the  program. 
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L  INTRODUCTION 


The  pressurized  water  reactor  plant  occupies  a  prominent  position 
in  the  Army  Nuclear  Power  Program,  with  several  such  plants  already 
in  operation  and  a  number  of  others  under  construction.  In  these 
plants,  the  primary  water  coolant  transfers  heat  from  the  reactor  core 
to  the  secondary  ^stem  via  the  steam  generator.  Ilias,  the  steam 
generator  tubing  is  exposed  to  the  high  purity,  though  radioactive,  pri¬ 
mary  stream,  as  well  as  to  the  lower  purity'  secondary  vrater.  The  re¬ 
liability'  and  long  life  essential  for  .4NPP  plants  dictates  the  use  of  high 
performance  materials  for  steam  generator  fabrication.  The  .4NPP 
Corrosion  Program  was  implemented  to  investigate  experimentally 
this  area  of  plant  design  and  development. 

The  objectives  of  the  ANPP  Corrosion  Program  are  to  determine 
the  applicability  of  various  metals  for  use  in  heat  exchangers  and  to 
investigate  the  tyfpe  and  extent  of  corrosion  in  specified  e”vL  cnment^. 
Specifically,  this  includes: 


(1)  The  determination  of  the  effects  of  secondary  water  condition^ 

The  most  severe  single  water  condition  is  limited  to  lOUO 
ppm  chloride  with  air-saturated  water  and  air  as  a  co'ver  gas. 

(2)  The  examination  of  the  techniques  used  in  test  heat  exchanger 
fabrication. 

(3)  The  recommendation  of  materials  and  service  conditions  for 
operating  heat  exchangers. 

The  general  procedure  for  meeting  these  objectives  evolved,  during 
the  course  of  the  program,  into  the  following: 

(1)  .A  broad  range  of  water  conditions  for  a  particular  material 
is  investigated  in  rocking  autoclave  tests.  A  more  definitive 
range  of  water  coixiitions  is  then  selected  on  the  basis  of 
autocla'.'e  test  results,  e.  g. ,  satisfactory  and  unsatisfactory. 

(2)  Miniature  heat  exchangers  (MIN-X),  of  the  general  configura¬ 
tion  shown  in  Fig.  il  ,  are  tested  to  verify  the  autoclave  re¬ 
sults.  On  this  basis,  further  narrowing  of  t.">e  range  of  water 
conditions  is  obtained. 


(3)  Specific  water  conditions,  based  on  the  results  o^  Steps  (1) 
and  (2)  are  then  selected  for  use  in  the  testing  of  model  heat 
exciiangers  (Mod  SG-X  or  SH-X)  of  the  general  configuration 
shewn  in  rig.  33. 
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The  design  of  the  smaller  (miniature)  test  heat  exchangers  under¬ 
went  modification  during  the  course  of  the  program.  Initiallj*,  the 
miniature  heat  exchangers  had  a  sealed  secondeuy  system  in  which 
there  was  a  certain  amount  of  dynamic  Q'cling  in  that  the  secondari- 
water  was  continuously  steamed  and  condensed  by  an  integral  cooling 
coil  (see  Fig.  16).  However,  there  was  no  replenishment  of  the  con¬ 
stituents  of  the  secondary  environment.  Miniature  Heat  Exchangers  1 
through  9  were  tested  under  these  conditions.  Both  the-  design  and  mode 
of  test  of  the  miniature  test  vessels  were  subsequently  modified  (see 
Fig.  1 7  ).  The  mode  of  the  test  was  made  fully  dynamic,  and  Miniature 
Heat  Exchangers  10  through  19  (excepting  MIN  12  and  17  iivulch  were 
not  used)  were  tested  in  this  manner 

The  design  of  the  model  heat  exchangers  underwent  only  minor 
changes,  which  -will  be  noted  later  in  the  report.  The  primary  flow 
system  for  the  model  heat  exchangers  underwent  only  vci-y  slight  mod¬ 
ification  during  the  period  of  tests.  The  secondaxy  Qow  system  was 
modified  to  a  considerable  degree.  Initially,  one  feed  pun.p  and  one 
make-up  tank  served  both  sets  of  test  vessel,  as  did  ♦hr  .-endensate 
return  line.  This,  naturally,  resulted  in  some  intermixing  of  envi¬ 
ronments  with  attendant  difficulties  in  maintaining  the  required  con¬ 
ditions  in  the  two  steam  generators.  Two  sets  of  model  collar 

be  tested  simultaneously.  The  difficulties  of  maintaining  the  specified 
conditions  were  compounded  by  the  unequal  steaming  rates.  The  nor¬ 
mal  carryover  of  each  ^-stem  was  concentrated  more  rapidly  in  the 
vessel  with  the  higher  steaming  rate.  The  model  heat  exchangers  des¬ 
ignated  SX-1.  SX-2,  SX-5  and  SX-6  were  tested  under  these  circum- 
•  stances.  Subsequently,  the  secondary  flow  systems  were  modified  so 
that  each  was  separated  completely  from  the  other.  There  -was  no  op- 
portuni^-  for  cross  contamination,  as  in  previous  tests.  The  model 
heat  exchangers  designated  SX— 1  and  SX-7  were  tested  under  these 
circumstances. 

Generally,  the  secondary  environments  o:  the  test  vessels  were 
veiy'  severe,  so  that  differences  befween  the  metals  tested  would  be 
apparent  within  a  reasonable  test  time. 

This  report  is  intended  to  summarize  the  o-verall  program  and  to 
review  the  conclusions  and  recommendations  which  have  been  drawn 
from  the  test  results.  Topical  reports  should  be  consulted  for  more 
detail-:  concerning  am-  particular  phase  of  the  -work.  .Autoclave  tests 
are  described  in  Refs.  1,  2,  5  and  8.  Loop  tests  are  described  in 
Refs.  3,  ■*,  6  and  10.  Methods  and  procedures  employed  in  the  pro¬ 
gram,  as  well  as  a  detailed  description  of  the  facilities,  are  given  in 
Ref.  7. 
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11.  AUTOCLAVE  DESCRIPTION  AND  TECHNIQUES 


As  mentioned  previously,  investigation  of  a  materia!  begins  with 
autoclave  tests,  where  either  U-bcnd  or  beam  specimens  are  exposed 
to  both  the  vapor  and  liquid  phases  in  environments  ranging  fiom  high 
quality  water  to  water  containing  considerable  quantities  of  dissolved 
constituents  such  as  chloride. 


A.  PHYSICAL  DESCRIPTION 

Three  .AISI  Type  304  stainless  steel  tilting  autoclaves  were  used  in 
the  ANPP  Corrosion  Program.  The  internal  dimensions  are  2-1/16 
inches  by  32  inches  in  depth.  The  wall  thickness  is  1-1/8  inches.  411 
three  of  the  autoclaves  were  hydrostatically  tested  cold  at  18,000  psi. 
The  electrical  heating  jackets  are  wired  in  two  sections,  top  and  bot¬ 
tom.  and  are  individually  controllable.  Each  autoclave  is  provided 
with  a  rupture  disc  for  safety.  The  rocker  mechanisni^  ai  e  driver  cy 
air  motors.  An  electrical  timer  actuates  the  rocker  mechanism  thr^'U;.;. 
a  solenoid  valve  in  the  air  line.  Rocking  of  the  autoclave  occurs  for 

m  I  ■  w  Q  ~  ♦  W  — ^ 

^ 

85  degrees,  starting  at  35  degrees  from  the  vertical,  about  18  times 
per  minute.  Figure  1  is  a  photograph  of  the  autoclaves. 


B.  AUTOCLAVE  SETUP 

Prior  to  all  tests,  the  autoclaves  are  washed  with  an  acetone  sat¬ 
urated  cloth,  then  rinsed  with  hot  distilled  water  until  the  silver  ni¬ 
trate  test  for  chloride  in  the  rinse  water  is  negative.  Finally,  the 
autoclaves  are  rinsed  with  demineralized  water  of  one  million  ohm- 
centimeter  resistivity. 

Several  methods  for  setting  up  the  autoclaves  are  used,  depending 
upon  the  desired  composition  of  the  atmosphere.  The  simplest  method 
is  to  place  the  desired  liquid  environment  into  the  autoclave,  insert 
the  test  device  and  seal  the  autoclave  with  its  entrapped  air.  The  vol- 
of  osofi  is  ciioson  so  3t  ot?or3tin^ 

autoclave  will  be  half  filler  with  liquid.  An  appropriate  allowance  is 
made  for  the  displacement  of  the  test  device.  The  environmental  water, 
in  all  cases,  had  been  previously  adjusted  to  the  proper  concentration 
of  dissolved  constituents  and  adjusted  to  the  desired  pH. 

if  low  environmental  oxyg'^n  concentrations  arc  required,  the  pro¬ 
cedure  is  modified.  The  test  device  and  environmental  water  are 
placed  in  the  autoclave,  which  is  then  sealed.  The  autoclave  is  evac¬ 
uated.  by  a  high  pressure  line,  to  a  predetermined  pressure  level, 
maintained  at  that  pressure  for  about  half  an  hour,  and  then  sealed. 
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If  It  IS  desired  that  a  single  gas  (for  example,  oxygen)  be  present 
in  the  em'ironmr'ntal  vapor  space,  the  following  procedure  is  used.  The 
^toclave  is  evacuated  to  50  microns.  The  desired  amount  of  freshly 
boued  or  oxygen-saturated  liquid  environment  is  drawn  into  the  auto¬ 
clave.  Finally,  the  autoclave  is  backfilled  to  the  desired  oxvFen  pres¬ 
sure  and  sealed. 

The  concentration  of  dissolved  oxygen  in  the  water  will  have  been 
established  with  stationary  autoclaves  where  specific  setup  procedures 
were  followed.  A  samplii^  tube,  which  extends  to  the  bottom  of  the 
autoclave,  permits  sampling  the  autoclave  water  during  operation. 
Sampling  is  done  in  an  evacuated  stainless  steel  McLean  tube.  Water 
samples  and.  in  some  cases,  vapor  samples  are  taken  before  and  aft^r 
each  test. 
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III.  AUTOCLAVE  TESTS  AND  RESULTS 
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The  materials  tested  in  autoclaves  were  AISl  Type  304  stainless 
steel.  AISI  TVpe  430  stainless  steel.  Inconel.  Klonei  and  nickel.*  The 
type  specimens  used  for  the  first  three  metals  were  U-bend.  Beam 
specimens  were  used  in  the  last  series  of  tests.  The  purpose  of  the 
autoclave  tests  was  to  provide  a  rough  screening  of  the  materials 
which  were  to  be  tested  and  to  aid  in  specifying  test  parameters  for 
subsequent  static  and  d^-namic  tests. 


-A.  TESTS  WITH  -AISl  TYPE  304  STAINLESS  STEEL 
1.  Sample  Preparation 


The  specimens  were  fabricated  from  a  sheet  of  1  /8-inch  thick 
Type  304  stainless  steel,  which  was  obtained  in  the  mill  annc?:od.  as- 
rolled  condition  for  this  purpose.  The  sheet  was  sheareo  :nto  1  -ineii 
by  6-inch  specimens.  The  specimens  were  annealed  at  1 1 50'  C  for 
15  minutes  in  a  hydrogen  atmosphere.  The  short  exposure  prevented 
excessive  gr?in  groarth.  The  samples  were  formed  in  U-bends  arount: 
a  1  -inch  diameter  rod  which  was  pressed  into  an  appropriately  sized 
die.  The  open  legs  were  left  about  1  -3/8  inches  apart.  They  were 
closed  to  an  approximately  1-inch  separation  immediately  before  test¬ 
ing  by  drawing  the  legs  together  with  a  Type  304  stainless  steel  bolt. 
.All  the  specimens  were  inspected  visu;.*ly  and  with  radiography  after 
forming,  and  none  showed  any  evidence  of  cracks. 

2.  Sample  Holders 


Three  sample  holders  were  fabricated  from  Tj-pe  304  stainless  s»eei 
rod.  T>-pe  304  stainless  steel  bolts  and  Teflon.  The  Teflon  was  cut  to 
fit  tightly  against  the  inside  diameter  of  the  autoclave  and  indented  to 
hold  the  horseshoe  sample  -ightly  in  place.  One  side  of  the  Teflon  was 
removable,  so  that  the  U-bend  specimen  could  be  mounted  easily.  The 
Teflon  holders  were  attached  to  the  ends  of  a  single  Type  304  stainless 
steel  rod  cut  to  the  inside  length  of  the  autoclave.  The  specimens 
cositacted  only  the  Teflon  during  Uie  lest  and  were,  therefore,  insuiated 
from  the  autocla\'c.  Figure  2  is  a  photograph  of  the  sample  holder  wit  i 
specimens  attached. 


•Material  compositions  are  summarized  in  Appendix  A. 
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3.  Environmental  Controls 

The  controlled  conditions  and  constituents  were;  chloride  concen¬ 
tration,  phosphate  concentration,  pH  and  the  oxygen  content  of  the  water 
and  vapor  phase.  Other  variables  included  the  use  of  tap  water,  dis¬ 
tilled  water  and  distilled  deionized  water  for  make-up.  The  pH  was 
adjusted  to  three  levels:  8.5,  10.5  or  11.5.  The  concentration  of  the 
phosphate  ranged  from  near  zero  to  over  400  ppm.  and  chloride  con¬ 
centration  varied  from  near  zero  to  slightly  over  1300  ppm.  The  con¬ 
centration  of  oxygen  in  both  the  water  and  vapor  phases  varied  from 
near  zero  to  perhaps  100%  vapor,  in  which  case  the  amount  of  oxygen 
dissolved  in  the  water  amounted  to  perhaps  15  or  20  ppm.  The  con¬ 
centration  of  oxygen  in  nrntcr  nt  operating  temperatures  varicu  a«.«.oni- 

P'a  ^ 

ing  to  Henry's  Law.  K  =  ,  where  K  for  oxygen  at  400“  F  =  6.56  x  10 

and  Pa,  the  partial  pressure,  is  calculated  from  the  eqtiation  PV  =  nRT. 
which  shows  that  about  0.7  ppm  oxygen  is  dissolved  in  the  water  per  % 
of  oxygen  in  the  atmosphere  at  400“  F  and  250  psia.  Therefore,  with 
5%  oxygen  in  the  atmosphere,  3.5  ppm  will  be  ^ssolved  in  water. 
The  relationship  expressed  by  Henry's  Law  is  true  only  the  com 

ponents  are  intimately  mixed,  which  is  not  the  case  in  an  autoclave 
used  in  these  tests.  Therefore,  the  results  shown  represent  maximum 
possible  oxygen  concentrations;  the  actual  concentrations  are  some¬ 
what  less.  The  autoclave  atmosphere  was  tested  for  oxygen  after  each 
test  in  an  effort  to  confirm  the  designated  starting  concentration. 

Temperature  was  controlled  at  195  ±  10“  C.  This  seemingly  large 
\*ariation  was  due  to  intentional  temperature  difference  between  the 
steam  and  water  phases.  The  maximum  variation  occurred  immed¬ 
iately  following  each  rocking  cycle  when  the  water  was  exposed  to  high 
\-apor  space  temperature. 

4.  Stress  Level  Calculations 

The  .AISI  Type  304  stainless  steel  specimens  used  for  these  tests 
were  bent  to  1  /2  inch  inside  radius.  TTie  stress  level  during  test  was 
accepted  as  the  tensile  stress,  in  the  outer  fibers  of  the  specimens, 
associated  with  the  amount  of  plastic  elongation  at  that  point.  It  was 
calculated  that  the  outer  fibers  were  elongated  1 1%  during  bending. 
Immediately  prior  to  the  corrosion  test,  tiie  legs  of  the  specimens 
were  drawn  together  to  re-establish  the  stresses  that  were  developed 
during  bending.  Thus,  the  outer  fibers  were  stressed  to  the  yield 
point  of  the  material,  which  had  been  elongated  1 1%.  The  high  inci¬ 
dence  of  cracking  indicates  that  the  required  stress  threshold  was 
surpassed. 


MND-E-2727 


10 


5.  Results 


Typical  results  of  some  Type  304  stainless  steel  samples  are  shown 
in  Table  1.  Of  the  36  specimens  tested  (18  in  each  phase)  13  crackei. 
All  but  two  of  these  were  in  the  x'apor  phase.  Figure  3  is  a  typical 
photomicrograph  of  one  of  the  specimens  that  cracked. 


B.  TESTS  WITH  .AISI  TYPE  430  STAINLESS  STEEL 

1 .  Sample  Preparation  and  Treatment 


\  slab  of  1 /8-inch  thick  Type  43G  stainless  steel  sheet  was  obtained 
in  the  mill -annealed,  as-rolled  condition  to  be  used  for  sample  material. 
The  sheet  was  sheared  into  1  -inch  x  6-inch  specimens.  The  specimens 
were  then  annealed.  U-bends  were  cold  formed  from  the  flat  pieces  by 
bending  them  around  a  1  -inch  diameter  rod  in  a  lubricated  die.  The 
open  legs  were  left  1  -3/8  inch  apart.  The  legs  were  compressed  to 
approximately  1-inch  separation,  immediately  before  tossing,  with  a 
Teflon  insulated  bolt.  Visual  inspection  and  radiograph_,  did  not  r;--voai 
any  cracks  in  the  samples  after  forming. 

The  samples  were  cleaned  in  20%  HN02-2%  HF  at  120*  F  to  remove 

the  thin  oxide  film,  exposed  to  5%  oxalic  acid,  then  electropolished  by 
the  glycolic  acid  method.  All  samples  were  passivated  in  25% 

at  1 20“  F.  rinsed,  dried  and  weighed.  Immediately  prior  to  exposure 
in  the  autoclave,  the  samples  were  activated  by  a  one-minute  dip  in 
50%  HCI  and  rinsed.  Post  test  cleaning  consisted  of  a  treatment  in 
10%  NaOK-5%  KMnO^  at  200*  F  to  complete  oxidation  of  the  oxide  film, 

followed  by  treatment  in  5%  oxalic  acid.  This  cleaning  was  repeated 
as  required  and.  in  the  few  cases  where  this  process  was  inadequate, 
the  pieces  were  cathodically  treated  in  10%  H,SO^  to  remove  the  last 

traces  of  oxide,  again  exposed  to  5%  oxalic  acid,  rinsed,  dried  and 
weighed  again. 

2.  Sample  Holders 


The  sample  holders  described  in  Section  lll-A-2  were  used. 

3,  Envii-onmental  Controls 

The  variables  of  greatest  interest  were:  pH;  the  concentration  of 
phosphates,  chlorides  and  oxygen;  and  temperature,  with  its  dependent 
pressure.  Other  variables  were;  tap.  distilled  or  deionized  make-up 
water.  Various  combinations  of  concentrations,  ranging  to  1100  ppm 
chloride.  335  ppm  phosphijte.  1 00%  oxygen  in  the  vapor  space,  and  pH 
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ranging  from  8^  to  11.5  were  employed.  Temperature  was  controlled 
as  in  the  previous  tests.  Exposure  time  in  one  series  was  extended 
from  the  usual  120  hours  to  1176  hours  to  determine  if  stress  corrosion 
cracking  would  occur  with  the  longer  exposure. 

4.  Stress  Level  Calculations 


The  .AISI  Type  430  stainless  steel  U-bend  specimens  were  formed 
around  a  1  -inch  diameter  rod.  The  outer  fibers  of  the  specimen  were 
calculated  to  be  elongated  11%.  The  stress  level  during  test  was  ac- 
cepted  as  the  tensile  stress  in  the  outer  fibers  of  the  specimen  as¬ 
sociated  with  the  amount  of  plastic  elongation  at  that  point.  Immedi¬ 
ately  prior  to  the  corrosion  test,  the  legs  of  the  specimens  were  drawn 
together  to  re-establish  the  stresses  that  were  developed  during  bend¬ 
ing.  Thus,  the  outer  fibers  were  stressed  to  the  yield  point  of  the  ma¬ 
terial  that  had  been  elongated  1 1%. 

5.  Results 


None  of  the  32  specimens  tested  cracked,  despite  the  Severe  cch' 
ditions  used.  Exposure  time  in  one  series  was  extended  from  the  usunS 
120  hours  to  1176  hours;  still,  none  cracked.  Half  of  the  vapor  phase 
specimens  pitted,  which  was  not  an  unexpected  occurrence,  since  the 
ferritic  stainless  steels  are  known  to  be  susceptible  to  pitting  in  chloride 
environments.  The  pits  ranged  to  a  maximum  of  four  mils  in  depth. 
Three  of  the  26  specimens  immersed  in  water  were  pitted.  In  U>e  120- 
hour  tests,  phosphate  decreased  the  tendency  of  specimens  to  pit  in  both 
the  vapor  and  liquid  phases.  However,  when  the  test  time  was  extended 
sufficiently,  specimens  in  both  phases  pitted.  Two  cleaning  methods, 
electropolishing  and  chemical  cleaning,  were  investigated  superficially 
and  were  found  to  be  indistinguishable  by  any  of  tije  test  results.  Figure 
4  shows  a  typical  pitted  surface. 


C.  AUTOCLAVE  TESTING  OF  INCONEL 
1.  Sample  Preparation  and  Treatment 

A  sheet  of  annealed  wrought  Inconel  1/8  inch  thick  was  sheared  into 
coupons,  each  1  inch  x  6  inches.  Weld  specimens,  located  at  the  phase 
interface,  were  tested,  alonr  with  vapor  phase  and  water  phase  speci¬ 
mens.  The*  weld  specimens  were  made  by  the  inert  gas  shielded  tung¬ 
sten  arc  process  with  Inco  "A”  filler  wire.  The  bead  wac  laid  along 
the  length  of  one  side  of  five  coupons.  The  weld  specimens  were  not 
bent  into  U-bend  configuration.  The  remaining  1 5  specimens  were 
cold  formed  by  bending  each  around  a  1-inch  mandrel,  leaving  the 
legs  1  -3/8  inches  apart.  The  legs  were  compressed  to  1  -inch  sepa¬ 
ration  by  a  Teflon -insulated  bolt  immediately  before  testing.  Visual 
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i^pection  and  radiography  did  not  show  any  cracks  in  the  samples 
after  forming.  The  specimens  were  attached  to  the  stainless  steel 
holders  used  previously,  fa  each  experiment,  one  U-bend  specimen 
was  in  va^r.  one  was  immersed  in  the  environmental  water  and  the 
weld  specimen  was  exposed  vertically  at  the  vapor-water  interface. 

All  specimens  were  degreased  in  perchloreihyiene.  rinsed  in  acetone 
dried  in  vacuum  and  weighed.  After  the  test,  the  specimens  were  de¬ 
scaled  in  a  10%  NaOlI-5%  KXfaO^  solution  at  200*  F  to  loosen  the  oxide. 

This  was  followed  by  treatment  in  a  5%  oxalic  acid  solution. 

2.  Environmental  Controls 

The  environmental  test  conditions  for  the  500 -hour  autoclave  tests 
at  500*  F  and  680  psi  are  shown  in  Table  2. 


TABLE  2 

Environmental  Conditions  for  Inconel  Autoclave  Tej.ts 


Oxygen 


Test 

Chloride 

(ppm) 

Water* 

(cm^/kg) 

Vapor* • 
(%) 

Adjusted  pH  U»  iO 
with 

1 

30 

13 

21 

Sodium  phosphate 

2 

ICOO 

15 

21 

Sodium  phosphate 

3 

30 

13 

21 

Sodium  hydroxide 

4 

50 

0.1 

0.5 

Sodium  phosphate 

5 

1000 

13 

21 

No  pH  adjustment 

•E>efined  as  oxygen  dissolved  in  water  at  operating  temperature  and 
pressure. 

••Concentration  of  oxygen  in  vapor  space  at  ambient  temjierature. 
j.  Stress  Level  Calculations 

Ilic  stress  in  the  outer  fibers  of  the  U-bend  specimen  was  deter¬ 
mined  by  an  indirect  method.  The  stress  level  was  esUblished  as 
^:ng  the  tensile  stress  associated  with  the  amou-nt  of  plastic  elongation 
found  to  occur  in  the  outer  fibers  of  the  specimen.  The  elongation  of 
the  outer  fiber  was  determined  by  the  following  procedure: 

(1 )  Uniformly  spaced  lines  were  scribed  (0.040  inch  apart)  on 
an  unbent  specimen  in  the  area  to  be  subjected  to  maximum 
bending. 
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(2)  The  line  spacings  were  measured  to  the  nearest  0.00025  inch. 

(3)  .4  U-bend  specimen  was  formed  from  the  scribed  piece  with 
the  scribed  lines  on  the  outer  surface. 

(4)  The  spacing  between  lines  was  remeasured  to  the  nearest 
0.00023  inch. 

(3)  The  percent  elongation  was  calculated  from  the  change  in 
line  spacings. 

(6)  The  average  value  for  three  or  four  spaces  was  determined. 

The  stress  level  associated  with  this  amount  of  elongation  was  de¬ 
termined  by  conducting  tensile  tests  on  the  same  lot  of  material.  The 
extensometer  used  had  a  range  which  extended  to  the  predetermined 
amount  of  plastic  elongation.  The  tensile  stress  was  determined  from 
the  stress -strain  curve.  A  line  was  projected  parallel  to  tht-  slope  oI 
the  modulus  of  elasticity  from  the  elongation  axis  to  the  cu:  vt;.  The 
af^lied  stress  value  was  read  on  the  stress  axis.  This  value  was  con¬ 
sidered  to  be  the  stress  in  the  outer  fibers  of  the  U-bend  specimens  in 
the  bolted  position. 

The  data  determined  for  the  Inconel  U-bend  specimens  used  in  this 
program  is  as  follows: 

Iwaterial  Properties  (room  temperature) 


Yield  strength . . .  39,400  psi 

Ultimate  tensile  strength .  93,300  psi 

Elongation  in  two-inch  gage 

section  . .  47% 

Modulus  of  elasticity.  . .  31.4x10®  psi 


Specimen  Stress  Determination 

Elongation  of  outer  fifcor.  average  of  two 

specimens .  10.5% 

Associated  stress  level.  10.5%  elongation  ....  83,500  psi 

4.  Results 

Table  3  is  a  compilation  of  the  data  from  this  series  of  teals. 
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TABLE  3 

Inconel  Autoclave  Tests 
50C*  F  and  680  psi  for  500  hours 


Specimen 

Corrosion  Rate 

Test 

Test 

Test 

2 

(mpy) 

Number 

Condition 

Phase 

(rag/dm  /mo) 

1 

30  ppm  Cl 

vapor 

52.8 

0.30 

air  cover  gas 
pH  10  wiUi  PO. 

liquid 

42.0 

0.24 

interface* 

15.0 

0.03 

2 

1000  ppm  Cl 

vapor 

93.8 

0.53 

air  cover  gas 
pH  10  with  PO, 

liquid 

66.5 

0.37 

interface* 

49.-t 

0  28 

3 

30  ppm  Cl 

vapor 

43.2 

air  cover  gas 
pH  10  with  PQ, 

•iquid 

S0.S 

0.Z4 

interface* 

31.6 

0.17 

4 

30  ppm  Cl 

vapor 

93.1 

0.52 

low  Q, 

liquid 

87.5 

0.49 

pK  1 0  with  PO^ 

interface* 

50.2 

0.28 

3 

1000  ppm  Cl 

vapor 

56.4 

0.32 

air  cover  gas 

No  pH  adjust¬ 

liquid 

46.9 

0.26 

ment 

Initial  pH  5.0 

interface* 

159 .9 

0.90 

•Weld  specimen 

"Sone  of  the  1 3  Inconel  specimens  cra'-ked  or  pitted,  despite  the 
severe  environmental  conditions.  A  dull  brown  adherent  film  of  cot — 
rosion  products  was  formed  on  all  the  specimens,  but  there  was  not 
enough  loose  scale  to  make  an  X-ray  diffraction  analysis.  No  cracks 
were  located  by  the  dye  penetrant  test,  and  metallopraphic  examination 
showed  no  change  in  the  Inconel. 

A  comparison  of  the  data  shows  that  when  phosphate  is  present,  the 
water  phase  specimen  has  a  lower  corrosion  rate  than  the  vapor  phase 
specimen.  Ine  coijvej-se  is  true  when  sodium  hydroride  is  used  to  ad¬ 
just  the  pH. 
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It  is  obvious  that  Inconel  possesses  good  inherent  corrosion  re- 
sistance  to  chloride  media  up  to  260*  C.  The  highest  corrosion  rate 
measured  was  less  than  one  mil  per  year. 


D.  AUTOCLAVE  TESTING  OF  MONEL.  NICKEL  AND  INCONEL 

An  investigation  of  possible  ways  to  improve  the  autoclave  test 
program  led  to  the  selection  of  a  statistically  designed  experiment. 

One  of  the  many  outstanding  acKantages  of  a  designed  ex{>erimcnt  is 
the  inherent  ability  to  determine  main  effects  and  interaction  effects  of 
the  independent  variables  with  assurance.  It  is  nearly  impossible  to 
determine  the  latter  with  any  other  type  of  experiment.  The  factorial 
design  lends  itself  readily  to  mathematical  evaluation  as  well  as  graphic 
presentation  of  the  results.  The  basic  purpose  of  the  designed  experi¬ 
ment  was  to  determine  the  relative  resistance  of  Monel  and  nickel  to 
general  corrosion  under  various  environmental  conditions.  In  addition, 
a  few  selected  tests  with  Inconel  were  planned  for  comperrson. 

1 .  Sample  Preparation  and  Treatment 

The  material  supplier  selected  Monel  and  nickel  tubing  2-1/2  inches 
in  diameter  with  5/ 16-inch  wall  thickness  from  individual  heats.  Some 
of  this  tubing  was  drawn  to  3/4-inch  OD,  with  a  0.65-inch  thick  wall. 
This  tubing  was  set  aside  for  use  in  the  fabrication  of  test  heat  ex¬ 
changers.  The  remainder  of  the  tubing  was  split,  flattened  and  rolled 
to  sheet  3  inches  wide.  1  /8  inch  thick  and  72  inches  long. 

The  as-rcceived  Monel  sheet  was  rolled  to  0.080  inch  and  fully  an¬ 
nealed  in  a  hydrogen  atmosphere  at  790®  C  for  one  hour:  nickel  was 
annealed  in  a  hydrogen  atmosphere  at  730®  C  for  one  hour.  The  an¬ 
nealed  strips  were  deoxidized,  then  further  reduced  to  0.040-inch  thick¬ 
ness,  producing  50^  cold  work.  Test  coupons  and  tensile  specimens 
were  sheared  and  numbered.  The  coupons  were  rinsed  in  acetone, 
pickled  in  dilute  hydrochloride  acid,  rinsed  in  hot  distilled  water  and 
dried  m  a  heated  air  blast  to  prc\'cnt  water  stainii>g.  Half  of  each  tyi>e 
of  coupon  was  fully  annealed,  as  above,  and  the  remainder  of  both  types 
of  coupon  was  stress-relieved  at  232“  C  f^r  one  hour. 

The  Inconel  specimens  were  prepared  in  the  same  manner,  i.e., 
0.080-jnch  Inconel  was  fully  annealed  at  980*  C  for  15  minutes  in  a  hy¬ 
drogen  atmosphere.  The  thickness  was  reduced  to  O.O-^O  inch,  which 
produced  50^  cold  work.  Tensile  S}>erimens  and  test  coup^ms  were 
sheared,  and  half  of  each  type  was  annealed  at  980*  C  for  1  b  minutes 
in  a  hydrogen  atmosphere,  and  the  other  half  was  stress  relieved  at 
430®  C  in  air  for  one  hour. 
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All  of  the  test  coupons — Monel,  Inconel  and  nickel — were  three 
inches  long.  1/2  inch  wide  and  0.040  inch  thick.  Beam  specimens 
Were  substituted  for  U-bend  specimens  in  these  tests  for  scx-eral 
reasons,  including  the  large  number  of  specimens  in  each  test  in  a 
limited  autoclave  volume  and  better  control  of  stress  level.  After 
testing,  these  specimens  were  examined  for  pitting,  crackinj;  and  other 
evidence  of  local  attack,  but  these  factors  entered  into  the  statistical 
analysis  only  to  the  extent  that  they  affected  the  weight  loss  due  to 
corrosion.  Therefore,  acceptable  descaling  techniques  were  of  prime 
importance. 

%laiiy  melliods  were  evaluated  in  an  effort  to  find  an  acceptable  de¬ 
scaling  process.  115050  methods  included:  {!)  cathodic  treatment  in  n's 
sulfuric  acid  inhibited  with  0.8  gram  per  liter  ethylquinolinium  iodide, 
followed  by  a  dip  in  10/»  nitric  acid  or  10%  ammonium  hydroxide;  (2)  a 
treatment  in  boiling  25%  sulfamic  acid  for  one  hour;  (31  an  alkaline 
permanganate  (10%  NaOH-5%  KMnO^)  and  10%  oxalic  acid  process;  and 

(4)  cathodic  treatment  in  10%  caustic  solution,  followed  nv  3  dip  in  1*=  s 
nitric  acid. 

The  descaling  method  concluded  to  be  the  best  for  Monel  and  nickei 
coupons  was  the  sulfamic  acid  bath.  This  treatment  consisted  of  ex¬ 
posing  the  corroded  coupons  to  boiling  25%  sulfamic  acid  for  one  hour. 
After  removal  from  the  descaling  bath,  the  coupons  were  rinsed  in 
water,  rinsed  in  acetone,  then  dried  with  an  electrically  heated  blower. 

_5  9 

Tne  blank  correction  is  2.3  x  10  gm/cm”.  Although  this  blank  cor¬ 
rection  was  in  some  cases  close  to  the  oxide  weight,  it  was  cunsiderabiy 
iower  than  the  correction  of  any  other  method  evaluated. 

The  descaling  inethud  concluded  to  be  the  best  for  Inconel  was  the 
alkaline  permanganate-oscalic  acid  procedure.  This  treatment  consisted 
of  exposing  the  corroded  coupons  to  an  alkaline  permanganate  solution 
to  loosen  the  osidr,  followed  by  exposure  to  10%  oxalic  acid  The  blank 

correction  is  4.3  x  10  gm/cm~. 

2.  Sample  Holders 


The  holders  for  the  spccimeriS  were  fabricated  of  inconel  with  Tef¬ 
lon  and  diamonite  insula:c:s.  Each  holder  supports  12  specimens,  6 
stressed  and  6  unstressed.  The  beam  specimens  were  supported  at 
both  ends.  Stress  was  applied  by  adjusting  a  fine-thread  screw,  which 
loaded  the  beam  at  the  midpoint.  Two  holders  were  used  in  each  auto¬ 
clave.  one  in  the  liquid  phase  and  one  in  the  xTipior  phase.  Figure  5  is 
a  photograph  of  the  sample  holder  with  coupons  mounted. 
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3.  Environment  Controls  and  Experimental  Design 

There  were  eight  experimental  factors.  Each  factor  had  two  levels, 
except  chloride  and  time,  which  had  three.  These  were: 


Factors 


Levels 


Material 

Chloride 

Alkalizing  agent  (pH  10) 
Oxygen* 

Heat  treatment 
Stress  level 
Phase 
Time 


Uonel  and  nickel 

10  ppm.  100  ppm  and  1000  ppm 

Na^POj  and  NaOH 

Low  (-w  1  ppm)  and  high  ('k]3  ppm) 

Annealed  and  stress-relieved 

Unstressed  and  stressed  to  905>  jdeld 

Vapor  and  liquid 

50.  200  and  2900  hours 


•The  initial  concentration  of  oxygen  dissolved  in  the  water  at  operating 
temperatures. 

Stock  solutions  of  ail  the  water  treatment  chemicals  for  use  through¬ 
out  the  program  were  prepared  prior  to  initial  tests.  These  included 
N/10  JJa^PO^  -  12  H2O,  N/lO  NaOH  and  a  large  supply  of  NaCl  solution 

from  which  aliquot  portions  were  withdrawn  and  properly  diluted  in 
volumetric  glassware  to  produce  the  1 0  ppm.  1 00  ppm  and  1 000  ppm  Cl 
solutions.  The  Na,PO,  solution  used  to  adjust  the  pH  was  back  titrated 

with  enough  Na_HPO^  to  assure  that  there  was  no  free  sikaii  in  the  so¬ 
lution.  Deionized  water  was  used  in  the  preparation  of  all  solutions. 

Three  autoclaves,  randomly  assigned,  were  used  for  the  experiment. 
Chloride,  oxygen  and  pH  adjustment  were  the  conditions  imposed  within 
each  airtoclave.  In  the  block  diagram  shown  in  Fig.  6.  these  factors 
and  the  materials  are  the  column  factors.  There  were  three  row  fac¬ 
tors:  heat  treatment,  stress  level  and  phase.  The  two  classes  of  each 
row  were  run  simultan€*oasiy  within  an  autoclave  and  three  specimens 
were  exposed  to  each  set  ol  conditions.  Thus,  24  coupons  were  exposed 
in  each  autoclave  run.  This  procedure  ruled  out  fractionalizing  the 
replicates  among  the  row  factors.  Also  because  of  information  losses, 
particularly  concerning  possible  interactions,  a  fractional  factorial  was 
not  considered.  The  test  program  indicated  by  Fig.  6  was  used  for  tke 
200-hour  tests.  Since  each  column  in  Fig.  6  represents  one  test  run, 
this  series  consists  of  24  runs. 
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3.  Environment  Controls  and  Experimental  Design 

There  were  eight  experimental  factors.  Each  factor  had  two  levels, 
except  chloride  and  time,  which  had  three.  These  were: 


Factors 


Levels 


Uaterial 

Chloride 

.Alkalizing  agent  fpH  10) 
Cfctygen* 

Heat  treatment 
Stress  level 
Phase 
Time 


Monel  and  nickel 

10  ppm.  100  ppm  and  1000  ppm 

Na3PO^  and  NaOH 

Low  (->.1  ppm)  and  high  (a-IS  ppm) 

Annealed  and  stress-relieved 

Unstressed  and  stressed  to  90%  yield 

Vapor  and  liquid 

30.  20t)  and  2000  hours 


*The  initial  concentration  of  oxygen  dissolved  in  the  water  at  u]>en:.i;'j[' 
temperatures. 

Stock  solutions  of  all  the  water  treatment  chemicals  for  use  Ihrouph- 
out  the  program  were  prepared  prior  to  initial  tests.  These  included 
N/10  Na^PO^  -  12  H2O.  N/10  KaOH  and  a  large  supply  of  KaCi  solution 

from  which  aliquot  portions  were  withdrawn  and  properly  diluted  in 
volumetric  glassware  to  produce  the  10  ppm.  100  ppm  and  1000  ppm  Ci 
solutions.  The  Xa^PO^  solution  used  to  adjust  the  pH  was  back  titrated 

with  enough  Ka2HPO^  to  assure  that  there  was  no  free  alkali  in  the  so¬ 
lution.  Deionized  water  was  used  in  the  preparation  of  all  solutions. 

Three  autoclaves,  randomly  assigned,  were  used  for  the  experiment. 
Chloride,  oxygen  and  pH  adjustment  were  the  conditions  imposed  within 
each  autoclave.  In  the  block  diagram  shown  in  Fig.  6,  these  factors 
and  the  materials  arc  the  column  factors.  There  were  three  row  fac¬ 
tors.  heat  treatmen*.  stress  level  and  phase.  The  two  classes  of  each 
row  were  run  simultaneously  within  an  autoclave  and  three  specimens 
were  exposed  to  each  set  of  conditions.  Thus,  24  coupons  were  exposed 
in  each  autoclave  run.  This  procedure  ruled  out  fractionalizing  the 
replicates  among  the  row  factors.  Also  because  of  information  losses, 
particularly  concerning  possible  interactions,  a  fractional  factorial  was 
not  considered.  The  test  program  indicated  by  Fig.  6  was  used  for  the 
200-hour  tests.  Since  each  column  in  Fig.  6  represents  one  test  run. 
this  senes  consists  of  24  runs. 
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Corrosion  tests  were  also  rim  for  30  and  2000  hours.  The  test  pro¬ 
grams  for  each  exposure  time  are  indicated  in  Figs.  7  and  8.  Table  4 
defines  the  symbols  used  in  Figs.  6.  7  and  8. 


T.4BLE  4 

Definition  of  Symbols 


Symbol 

Definition 

10  ppm  chloride 

100  ppm  chloride 

CI3 

iOOO  ppm  chloride 

1  ppm  ox;.gcr 

^2 

15  ppm  oxygen 

pH, 

ItoOH 

pH, 

r<a3P04 

HT, 

•Annealed 

IIT, 

Stressed  relieved 

S 

Stressed 

U 

Unstressed 

V 

Vapor  phase 

L 

Liquid  phase 

All  tests  were  run  at  232®  C  to  prex'cnt  s»rcss  relief  of  the  coupons 
during  test.  For  precisely  the  same  reason,  ai:  coupons  that  were  not 
annealed  were  stress  relieve  1  at  232*  C  prior  to  being  stressed  for 
test. 

4.  Stress  Level  Calculations 


\  nuirbcr  of  supplemental  tests  were  performed  on  autoclave 
specimens  and  c-n  the  specimen  materials  to  provide  data  to  establish 
specimen  parameters  for  the  autoclave  program.  Tliese  included 
tensiie  tests  on  Monel,  nickel  and  Inconel  specimens  and  determination 
of  strain-deflection  curves  for  autoclave  specimens. 
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Six  Monel  and  six  nickel  tensile  specimens  were  fabricated  from 
the  same  material  used  for  the  autoclave  coupons.  The  tensile  speci¬ 
mens  were  machined  after  the  final  roll  to  0.040-inch  thickness;  test 
specimens  were  cut  from  the  same  material.  One-half  of  the  Monel 
and  nickel  tensile  specimens  were  fully  annealed  at  7S0®  and  730*  C, 
respectively,  for  one  hour.  The  other  half  of  the  tensile  specimens  was 
stress  relieved  at  232“  C  for  one  hour.  The  results  of  the  tensile  tests 
on  these  specimens  and  Inconel  specimens  similarly  prepared  are 
shown  in  Table  5.  The  values  given  are  averages  of  three  determina¬ 
tions.  Deviations  from  the  averages  were  less  than  2%  in  all  cases. 


T.4BLE  5 

Physical  Properties  of  Autoclave  Coupon  klaterials 
(average  of  three  values) 


905.  of 
Yield  Yield 

Strength  Strength 
(psi)  (psi) 

Propor¬ 

tional 

Limit 

(psi) 

Ultimate 

Tensile 

Strength 

(psi) 

Modulus 

of 

£iasi!"'itv 

Pcrc'^nt 

Elr>:.»ation 

(2 

- 

Monel 

(stress 

relieved) 

123.700 

1)1,000 

79.000 

126.470 

28 

28 

Monel 

(annealed) 

33.015 

27.000 

28.000 

78.630 

24.5 

24.5 

1 

i 

Nickel 

(stress 

relieved) 

109.060 

98.200 

82.000 

121,665 

32.0 

32.0 

1 

Nickel 

(annealed) 

19.155 

17.200 

10.250 

74.080 

29.1 

29.1 

1 

Inconel 

(stress 

relieved) 

166.600 

149.940 

131.600 

169.600 

29.6 

29.6 

1 

Inconel 

(annealed) 

32.860 

29.574 

23.600 

93.200 

26.7 

26.7 

I 
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Figure  9  shows  a  t3rpical  stress-strain  curve  for  stress  relieved 
Monel.  A  stress  level  of  90%  of  the  yield  strength  (0.2%  offset)  was 
chosen  arbitrarily  for  stressing  the  autoclave  beam  specimens.  The 
total  strain  associated  with  90%  of  yield  stress  was  determined  di¬ 
rectly  from  the  carve.  For  example,  in  Fig.  9.  this  total  strain  is 
0.09433  in./in. 

Strain-deflection  curves  were  determined  for  several  typical  beam- 
type  specimens.  -An  SR-4  strain  gage  was  attached  to  the  center  of  the 
coupons,  which  were  then  deflected  in  5-mil  increments.  Strain  versus 
deflection  was  plotted.  Since  the  strain-deflection  relationship  is 
independent  of  material  properties,  the  same  curve  was  used  for  all 
coupons.  The  deflection  required  to  produce  the  strain  corresponding 
to  90%  \ieid  stress  was  determined  from  the  strain-deflection  curve. 
The  deflections  emplo^'ed  are  listed  in  Table  6. 


TABLE  6 

Coupon  Deflections 


Material 

Condition 

Deflection 

(mils) 

Monel 

Fully  annealed 

46.0 

Monel 

Stress  relieved 

126.0 

Nickel 

Fully  annealed 

18.5 

Nickel 

Stress  relieved 

86.0 

Inconel 

Fully  annealed 

42.0 

Inconel 

Stress  relieved 

155.0 

5.  Results* 

The  results  of  those  autoclave  tests  confirmed  that,  under  the 
varied  and  severe  test  conditions  used,  nickel.  Monel  and  Inconel  are 
not  susceptible  to  stress  ..orrosion  cracking,  and  they  are  vexv  re¬ 
sistant  to  corrosion.  An  incipient  surface  attack  was  noted  on'some 
of  the  Monel  and  nickel  specimens  that  were  tested  for  50  and  200 
hours,  but  none  of  the  specimens  cracked  or  pitted.  No  cracking  of 


•For  a  detailed  statistical  analvsis  see  Ref.  8. 
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any  coupons  was  observed  in  the  2000 -hour  autoclave  test,  but  varying 
degrees  of  attack  and  some  pi*ting  did  occur. 

The  coupons  from  the  2000-hour  test  presented  a  more  meaningful 
appearance  than  those  from  the  previous  shorter  tests,  because  there 
is  a  definite  criterion  for  direct  visual  comparison.  The  ISonel  vapor 
phase  specimens  exposed  to  high  chloride,  high  oxygen  pitted  mildly 
as  shown  in  Fig.  10.  All  12  of  the  vapor  phase  coupom:.  but  none  cf  the 
liquid  phase  coupons,  suffered  attack.  No  significant  difference  in 
attack  was  noted  between  stressed  and  unstr  essed  coupons  or  between 
annealed  and  stress-relieveo  coupons.  The  attack  occurred  on  botli 
the  tension  and  compression  surfaces  of  the  coupons.  The  affected 
areas  were  relatively  large,  but  shallow,  with  the  average  depth  about 
1  mil.  Frequently,  a  centrally  located  pit  with  a  diameter-to-depth 
ratio  of  about  two  was  surrounded  by  an  area  of  shallow  attack,  which 
was  perhaps  30  to  60  mils  in  diameter.  In  some  instances,  more  than 
oae  pit  occurred  in  the  area  of  attack.  The  maximum  penetration 
measured  was  1 3  mils.  A  photomicrograph  of  a  typical  pit  is  shown 
in  Fig.  11.  No  pitting  or  attacked  areas  occurred  on  the  Monel  coupon 
in  either  the  vapor  or  liquid  phase  in  the  low  chloride.  io~  oxygen  test 

The  nickel  coupons  exposed  to  vapor  in  the  2000-hour,  high  chloridt- 
high  oxygen  test  were  attacked  mildly  also.  Both  the  tension  and  the 
compression  surfaces  were  affected,  but  the  tension  surface  was  worse 
There  was  a  slightly  greater  attack  on  the  stress-relieved  coupons 
than  on  the  annealed  coupons.  The  liquid  phase  coupons  were  attacked 
also,  but  very  slightly.  The  pits  in  most  cases  were  hardly  more  than 
incipient  attack.  Four  of  the  12  specimens  were  pitted;  the  maximum 
depth  found  was  03  mil.  Cbupons  in  the  low  chloride,  low  oxygen  test 
were  also  pitted.  Five  of  the  12  vapor  phase  coupons  were  attacked. 
Oie  coupon  has  only  three  pits,  but  the  other  four  had  perhaps  200 
pits  per  square  inch.  The  i^ysical  condition  of  the  specimen  (heat 
treatment  and  stress!  appeared  to  have  no  effect  on  pitting.  Five  of 
the  12  water  phase  specimens  were  also  pitted.  They,  too,  were 
liberally  covered  with  pits.  The  appearance  of  pits  on  both  vapor 
and  water  phase  coupons  contrasted  sharply  with  the  previously 
noted  shallow  attack  on  Monel  coupons.  The  ratio  cf  diameter  to 
depth  was  about  two;  however,  there  was  no  surrounding  area  of 
attack.  The  maximum  depth  foimd  was  1 .5  mils.  A  photomicrograph 
is  shown  in  Fig.  12. 

Half  cf  the  Inconel  vapor  phase  coupons  in  the  high  chloride,  high 
exygen  test  showed  very  shallow  attack,  as  in  Fig.  13.  An  isolated 
pit  found  on  one  of  the  coupons  was  four  mils  deep,  bu*  generally  the 
pits  were  no  deeper  than  about  one  mil.  The  attack  occurred  on  both 
the  tension  and  compression  surfaces  of  the  coupons  and  appeared 
to  be  about  evenly  divided,  so  far  as  heat  treatment  and  stress  were 
concerned.  ^  photomicrograph  of  a  typical  pit  is  shown  in  Fig.  H. 
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No  attack  was  noted  on  the  coupons  in  vapor  or  liquid  phases  of  :he  low 
chloride,  low  oxygen 


The  results  of  these  autoclave  tests  confirm  that  nickel.  Monel  and 
Inconel  are  not  susceptible  to  stress  corrosion  cracking  under  the 
varied  test  conditions  used,  and  their  resistance  to  general  corrosion 
is  excellent,  even  for  severe  environmental  exposure.  The  test  re¬ 
sults  indicate  that  the  corrosion  rate  of  Inconel  is  much  lower  than 
that  of  Monel  and  nickel  for  comparable  conditions.  An  incipient  sur¬ 
face  dulling  was  noted  on  some  of  the  Monel  and  nickel  specimens  that 
were  tested  for  50  and  200  hours,  but  none  of  the  specimens  cracked 
or  pitted.  No  cracking  of  any  coupons  was  observed  in  the  200Q-hour 
autoclave  tests,  but  varying  degrees  of  attack  and/ or  pitting  did  occur 
on  all  three  materials. 


Corrosion  rates  are  listed  in  Table  7.  These  are  time  average 
rates  from  the  results  of  the  2000-hour  teste.  The  values  are  also 
averaged  over  the  stressed,  unstressed,  annealed  and  stress -ceiievei* 
coupons.  The  superiority  of  Inconel  is  clearly  evident. 


TABLE  7 

Comparison  of  Corrosion  Rates  for  Inconel,  Monel  and  Nickel — 

2000-Hour  Test 


Nickel 

(mdd) 

Monel 

(mdd) 

Inconel 

(mdd) 

10  ppm  chloride 

Vapor 

0.38 

0.50 

0.02 

1  {^m  oxygen 

Liquid 

0.36 

0.51 

0.04 

1000  ppm  chloride 

Vapor 

0.28 

0.46 

0.02 

15  ppm  oxygen 

Liquid 

0.26 

0.37 

0.03 

It  is  indicated  fay  the  data  shown  in  Table  7.  that  in  those  systems 
where  chloride  is  present  in  amounts  witnin  the  range  of  these  tests, 
it  is  advantageous  to  have  considerably  more  than  1  ppm  oxygen, 
presumably  to  maintain  the  protective  oxide  film.  No  attempt  was 
made  to  determine  if  there  is  an  optimum  oxygen  concentration.  It 
cannot  be  supposed  that  15  ppm  oxygen  necessarily  approaches  the 
optimum  concentration  required  to  maintain  the  natural  protective 
oxide  film.  A  similar  protective  mechanism  has  been  suggested  for 
other  systems  when  other  materials  were  involved  (Ref.  12). 
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The  conclusions  resulting  from  the  analysis  of  variance  which  was 
performed  on  the  test  *iata  are  presented  below: 

(!)  The  stress  level  was  not  a  significant  factor  in  the  corrosion 
processes  tested  (all  tests).  However,  it  must  be  remembered 
that  the  stresses  were  primarily  uniaxial  and  not  nearly  as 
complex  as  those  stresses  which  occur  in  a  fabricated  com¬ 
ponent.  such  as  a  steam  generator, 

(2)  In  general,  the  NaOH  was  a  more  favorable  means  of  pH 
control  than  the  Na^PO^  except  at  the  lowest  chloride  level 

of  10  ppm  (2000-hour  experiment).  This  is  particularly 
interesting  because  nickel  and  nickel  alloys  are  accepted 
as  fully  resistant  to  caustic;  therefore,  caustic  treatment 
may  be  used  with  these  materials. 

(3)  Inconel  has  the  highest  corrosion  resistance  of  the  metals 
tested  (2900-hour  experiment). 

(4)  In  general.  Monel  is  superior  to  nickel  at  50  hours,  whili- 
after  200  and  2000  hours,  nickel  is  more  corrosion  re¬ 
sistant  than  Monel.  The  major  exceptions  occurred  in  the 
200-hour  experiment,  where  the  interactions  with  oxygen, 
phase,  heat  treatment  and  chloride  are  considerable 

(all  tests). 

(5)  In  general,  corrosive  attack  on  all  metals  is  more  severe 
in  the  vapor  than  in  the  liquid  phase  (all  tests). 

(6)  The  annealing  heat  treatment  was  generally  slightly  more 
advantageous  than  stress  relieving;  this  is  particularly 
evident  in  the  2G00-hour  inconei  tests.  However,  there  are 
a  number  of  exceptions  to  this  conclusion  (all  tests).  In 
actual  practice,  this  is  generally  of  academic  interest  be¬ 
cause  it  is  impossible  to  anneal  a  large  complex  structure. 

(7)  The  lower  oxygen  concentration  was  more  favorable.  A 
few  exceptions  to  this  occurred  in  the  200-hour  experiment. 

(8)  There  was  considerable  interaction  between  the  chloride 
and  oxygen  effects  on  corrosion.  In  many  cases,  an  in¬ 
crease  in  chlorioe  concentration  (from  lowest  to  highest) 
at  lower  oxygen  decreased  the  amount  of  corrosion,  while 
an  increase  in  chloride  concentration  at  higher  oxygen  in¬ 
creased  the  amount  of  corrosion.  However,  there  were 
many  exceptions  to  this  statement.  In  the  2nn-hour  experi¬ 
ment.  there  was  much  evidence  of  minimum  weight  loss 
occurring  between  10  and  ICC  ppm  chloride  concemratioos 
for  the  higher  oxygen  concentration. 
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chloride,  oxygen  variable  produced  ^ess 
corrosion  when  at  its  lower  lev«»i  (tQ  j.  , 

Si""  •ta’rbi'.Sr 

fevel  ffooft',,?*®  reversed  and  the  higher 

corrosion  chloride.  15  ppm  oxv-gen)  resulted  in  loss 

The  rate  at  which  corrosion  occurred  over  the  first  ’00 

consi<3erablv  greater  for  the 

at  its  uS>er  level.  After 

200  houre.  the  rate  decreased  and  approached  zero.  For 
tne  combined  oxygen -chloride  variable  at  its  lower  l-t-’  *»-c 
corrosion  rate  was  essentially  constant. 
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IV.  CORROSIOX  LOOP  F-ACiUTY 


After  preliminary  investigations  by  means  of  autoclave  testing,  the 
materials  of  interest  urere  used  to  fabricate  scaled-down  heat  exchangers 
of  two  configurations  (referred  to  as  miniature  and  model  test  vessels) 
and  tested  in  a  high  temperature,  high  pressure  loop  under  simulated 
plant  operating  conditions.  The  loop  facility  can  accommodate  four 
miniature  vessels  and  two  sets  of  model  vessels  simultaneously.  A  set 
of  model  vessels  consists  of  a  steam  generator  (SG-N)  and  a  sui>erheater 
(SH-N)  in  series.  The  test  vessels,  when  installed,  are  an  integral  part 
of  the  loop.  However,  the  use  of  flanged  ar>d  tube  fitting  connections  make 
installation  and  replacement  relatively  simple. 

The  facility  consists  of  a  primary  system  which  furnishes  heat  for 
all  of  the  test  vessels.  Each  set  of  model  vessels  has  a.i  individual 
secondary  test  system,  while  a  third  secondary  test  system  serves  the 
four  miniature  vessels.  The  facility  control  system  require^  inaiiu^l 
startup  operations,  but  thereafter  all  test  parameters  ^r-  r'.aintain-'.: 
by  automatic  controls.  Safety  interlocks  provide  for  automatic  shutdc  •.  n 
in  the  event  of  a  malfunction.  The  primary  loop  design  parameters  were 
3000  psia  and  700*  F.  However,  all  tests  were  conducted  with  the  pri¬ 
mary  at  1200  psia  and  450®  F.  Primary  water  was  circulated  through 
the  miniatures  at  an  average  rate  of  8  gpm  and  through  the  model  super¬ 
heater  and  mode!  steam  generator  at  about  17.5  gpm.  This  primary 
water  flow  through  the  hairpin  tubes  of  the  heat  exchanger  delivers  heat 

o 

to  the  secondary  at  a  flux  of  about  25.000  Btu/ft^/hr. 

The  secondary  water  for  the  model  vessels  was  preheated  to  240®  F 
into  tJjo  stC37n  gonorsloi**  opor3tOii  2t  382**  F** 

saturation  temperature  at  the  operating  pressure  of  200  psi.  The  steam¬ 
ing  rate  was  speciHed  as  60  Ib/hr.  In  the  superheater,  the  steam  tem¬ 
perature  was  raised  to  407®  F. 

Temperatures  and  pressures  for  the  miniature  test  vessels  were  the 
same  as  those  of  the  model  steam  generator.  The  prescribed  steaming 
rate  was  8  Ib/hr.  All  of  the  secondary  conditions  given  above  are  nom¬ 
inal;  minor  deviations  due  to  tube  scaling,  loop  characteristics,  etc.  . 
occurred  during  the  test  program  (see  Refs.  3.  4.  6  and  10). 

In  both  model  and  miniature  secondary  systems,  steam  was  condensed 
in  cooling  coils  and  returned  to  a  make-up  tank.  Provisions  for  water 
sampling  for  chemical  analysis  are  provided.  The  desired  environments 
are  maintained  by  chemical  addition  and  by  blowdown. 

Figure  15  is  an  overall  view  of  the  loop.  Most  of  the  high  tempera¬ 
ture  portions  are  insulated  for  thermal  efficiency  and  safety.  .A  detailed 
description  of  the  loop  facility  is  given  in  Ref.  7. 
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V.  iHNIATURE  HEAT  EXCHANGER  TESTING 


Miriature  heat  exchangers  arare  fabricated,  using  the  fo21owii:g  tu^e 
materials:  Type  304  stainless  steel.  Croloy  16-1,  Inconel.  Monel, 
nickel  and  bimetal  (carbon  steel  secondary,  stainless  steel  primary). 
Table  8  summarizes  the  materials  of  construction  and  test  results  for 
the  miniature  (and  model)  vessels.  Appendix  A  gives  the  chemical 
composition  of  he«it  exchanger  materials. 


A.  GENERAL  DESCRIPTION 

1.  Design 

The  design  of  the  first  several  miniature  heat  exchangers  tested  in 
this  program  is  shown  in  Fig.  16.  The  secondary  was  static  in  the 
sense  that  there  was  no  external  circulation  of  the  secondary  environ¬ 
ment.  However,  the  condenser  coil  in  the  dome,  which  maintained 
proper  secondary  pressure,  produced  a  waler-vapor-co:idc;!sate  cycle. 
Nine  test  vessels  of  this  configurr-tion  were  tested.  These  included 
three  with  AISl  Type  304  stainless  steel  tubes,  three  with  Croloy  16-1 
tubes,  one  with  bimetal  tubes  (low  carbon  steel  on  the  secondary  side) 
and  two  with  Inconel  tubes. 

The  test  loop  was  extensively  modified  during  the  course  of  the  pro¬ 
gram,  which  necessitated  a  design  modification  of  the  miniature  test 
vessels.  The  secondary  system  was  made  dynamic.  The  design  of  the 
modified  test  vessel  is  shown  in  Fig.  17.  Steam,  generated  in  the 
secondary  side  of  the  test  vessel,  passes  out  through  an  overhead  port, 
is  condensed  externally,  and  is  returned  to  the  vessel  through  a  make¬ 
up  tank  and  pump.  The  environmental  constituents  are  controlled  by 
blowdown  or  by  additions  of  required  chemicals  injected  into  the  sec¬ 
ondary  make-up  water. 

.All  the  miniature  test  vessels  were  oriented  horizontally  so  that  the 
planes  of  the  two  hairpin  tubes  were  oriented  x30*  from  the  vertical. 
Water  level  was  maintained  so  that  half  of  each  tube  was  exposed  to  each 
phase,  vapor  and  liquid. 

2.  Fabrication  Procedure 

Thtr  ijeat  exchanger  unit  consists  of  three  main  su;-asscmblics:  the 
tube  and  tube  sheet  assembly,  the  primary  shell  and  the  secondary 
shell.  Two  types  of  tube  sheets  are  used;  either  the  tube  sheet  is  of  a 
corrosion  resistant  alloy — possibly  that  of  the  tubing- -or  of  carbon  steel 
with  the  primary  surface  clad  with  a  corrosion  resistant  alloy  such  as 
stainless  steel,  nickel  or  Inconei.  The  tube  sheet  of  corrosion  resistant 
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aiioy  is  machine'*  *■  .jpletely  before  further  assembly,  la  the  case  of 
the  carbon  steel  tu sheet,  the  primary  surface  is  weld-clad  before 
machining  if  an  alloy  tubing  is  used  and  after  machining  if  a  bimetal 
tube  of  carbon  steel  and  stainless  steel  is  used. 

For  the  prcclad  tube  sheet,  a  weld  clad  of  3/8-inch  thickness  is 
deposited  on  the  unmachined  blank.  The  surface  is  machined,  leaving 
1/4-inch  thickness  of  clad.  The  blank  is  then  machined  to  final  dimen¬ 
sions.  ITie  tubes  are  inserted  into  the  drilled  holes  of  the  tube  sheet 
and  are  rolled  in  place,  producing  approximately  5%  reduction  in  tlie 
tube  wall  thickness.  The  tube  is  expanded  about  1/4  inch  beyond  the 
tube  sheet.  The  tube  ends  are  positioned  either  flush  with  the  tube 
sheet  surface  of  1/16  inch  above  the  surface.  The  tube-to-tube  sheet 
seal  weld  is  produced  by  the  TIG  process  with  no  filler  metal  added. 

For  the  post-clad  tube  sheet,  the  surface  to  be  clad  is  machined 
1/4  inch  below  the  finish  dimension  to  provide  for  the  clad.  The  bimetal 
tubes  itave  the  outer  layer  of  carbon  steel  machined  away  for  approxi¬ 
mately  1  /2  inch  at  the  ends.  The  ends  are  inserted  into  the  holes  in 
the  tube  sheet  and  are  positioned  so  that  the  edge  of  the  curl>on  steel 
clad  extends  approximately  1/16  inch  above  the  tube  sheet  surface. 

The  tubes  are  rolled  in  place,  with  a  5%  reduction  in  the  tube  wall 
thickness,  ^lie  tube  is  expanded  1/4  inch  beyond  the  tube  sheet.  The 
carbon  steel  clad  is  weld-joined  to  the  tube  sheet  by  the  metallic  arc 
process,  using  a  carbon  steel  weld  electrode.  With  copper  chill  plugs 
inserted  in  the  tube  ends,  a  layer  of  stainless  steel  is  deposited  around 
each  tube  fay  tlie  TIG  process.  The  tube  sheet  surface  is  clad  by  the 
metallic  arc  process  and  each  successive  layer  of  clad  is  initiated  by 
first  making  a  fillet  weld  around  each  tube.  The  total  clad  layer  is 
made  3/8  inch  thick  and  is  machined  to  provide  a  final  thickness  of 
1/4  inch. 

The  primary  shell  components  are  fabricated  from  a  300  series 
stainless  steel  and  are  generally  assembled  by  making  a  TIG  w'eld  root 
pass  at  each  joint  and  filling  in  by  the  metal  arc  process.  .A  fillet  weld 
of  Inconel  joins  the  shell  and  the  tube  sheet  clad,  thus  preventing  the 
carbon  steel  from  contacting  the  primary  water.  The  flow  baffle  is 
joined  to  the  tube  sheet  and  the  shell  with  Inconel  fillets.  The  end  cap 
weld  is  the  final  closure  of  the  primary  chamber.  This  butt  weid  is 
made  with  stainless  steel  weld  metal. 

The  secondary  shell  is  constructed  c-Cirely  of  carbon  steel,  except 
in  Vessels  1,2  and  3,  and  is  complete  when  joined  to  the  tube  sheet. 
The  junction  weld  between  these  two  components  is  made  by  the  metal 
arc  process  with  low  alloy  steel  filler  metal.  The  units  are  not  heat 
treated. 
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The  completed  miniature  heat  exchangers  were  pressure  tested  and 
checked  for  leaks  under  water.  The  primary  side  was  pressurized  with 
air  to  2260  psi  and  the  secondaiy  side  to  375  psi.  The  vessels  were 
cleaned  with  10  oz/gal  Oakite  90  and  rinsed  well,  prior  to  installation 
in  the  loop.  They  were  recleaned  after  installation  in  the  corrosion 
loop. 

3.  Pretest  Evaluation 

The  tubing,  tube  sheet,  secondary  shell,  and  weld  wire  are  analyzed 
chemically  to  establish  compliance  with  material  specification.  The 
tubing  is  examined  metallographically  for  reference  in  the  post-test 
evaluation. 

4.  Post-Test  Ex-aluation 


.At  the  completion  of  the  corrosion  test,  the  heat  exchangers  are 
sectioned  for  examination.  The  primary  and  secondary  shells  are  re¬ 
moved  from  the  tube  and  tube  sheet  assembly  by  cutting  through  each 
close  to  the  tube  sheet  surface.  Care  is  taken  here  to  orrvent  damage 
to  the  tubes  and  the  adhering  corrosion  products.  Photographs  are  t^< :: 
to  record  the  general  appearance  of  the  unit  rophotographs  of 

pertinent  areas  are  also  taken. 

Corrosion  products  are  scraped  from  the  tube  surfaces  and  examined 
by  X-ray  diffraction  to  determine  the  composition  of  the  corrosion  products. 
Wet  analyses  and  emission  spectroscopy  analyses  are  ran  when  necessary 
to  determine  the  major  constituents  of  the  corrosion  products.  The  tube 
sheet  assembly  is  sectioned  further  for  metallographic  examination. 

Tlje  locations  from  which  metallographic  specimens  and  specimens  for 
visual  checks  are  taken  and  the  details  to  be  examined  are  outlined  below. 

(1)  Tube-to-tube  sheet  weld  joints.  Longitudinal  sections  of  all 

of  the  tube  welds  examined  to  observe: 

(a)  Heat  affected  zone  of  the  primary  tube  sheet  surface. 

(b)  Weid  surface — primary  side. 

(c)  Heat  affected  zone  of  tube  wall- -primary  surface. 

(d)  Heat  affected  zone  of  tube  wall — secondary  surface,  if 
in  contact  with  water. 

(e)  Weld  propel — determine  soundness  arid  general  weid 
cha  racteristics . 
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\2)  Tube  crevice  surfaces  are  exposed  by  the  remoral  of  half¬ 
tube  sections  to  observe: 

(a)  Depth  of  penetration  of  secondary  water  into  crevice. 

(b)  Presence  of  cracks  as  determined  by  liquid  penetrant 
test- 

(3)  Lon^tudinal  metallographic  sections  are  made  from  each  of 
the  tube-to-tube  sheet  crevice  areas,  one-haif  inch  into  the 
crevice  from  the  secondary  surface  to  examine: 

(a)  The  crevice  surfaces. 

(b)  Surface  of  tube  sheet  adjacent  to  the  hole. 

(4)  Tubes  and  tube  bends.  The  following  sections  are  taken  from 
each  tube  for  metallographic  examination  and  n^':.  .minaticr. 
of  the  effects  of  the  secondary  environment. 

(a)  Straight  portion  uf  tube  exposed  to  secondary  water. 

(b)  Straight  portion  of  tube  exposed  to  vapor,  wlhere  applicable. 

(c)  Section  of  tube  at  point  of  maximum  bending. 

(d>  Contact  line  between  water  and  vapor — transverse  to  vater 
line. where  applicable. 

(5)  'Tube  sheet  periphery — representative  number  of  metallographic 
specimens  are  taken  at  the  secondary  comer  and  at  the  shell- 
to-tube  sheet  weld. 

(a)  Transverse  specimen  at  water-to-vapor  interface,  where 
applicable. 

(O*  Machined  OD  of  lube  sheet  near  secondary  surface. 

(c)  Weld  joining  shell  to  periphery  of  tube  sheet- -determine 
weld  soundness  and  general  characteristics. 

(d)  Surfaces  adjacent  i''  w«»ld  if  in  contact  wi'h  water. 

Following  iS  an  outline  of  the  general  heat  exchanger  sectioning 
procedure: 

(3)  Remove  shells  by  sectioning  close  to  tube  sheet  surfaces. 
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(2)  Cat  through  tubes  approximately  i/4  inch  above  tube  sheet 
surface. 

(3)  Cut  through  tube  sheet  along  holes;  section  through  all  holes. 

(4)  Transverse  cuts  through  half-tube  sections  approximately 
1  /4  inch  from  weld  to  allow  for  removal  of  tubes  to  expose 
crevice  surfaces. 

(5)  Preparation  of  metaliographic  specimens  from  speciHc  areas 
as  detailed. 


B.  TESTS  WITH  AISI  TYPE  204  STAINLESS  STEEL  VESSELS. 

(MIN  !.  2  and  3} 

These  three  corrosion  lest  vessels  were  constructed  entirely  of 
Type  304  stainless  steel  with  Type  308  filler  metal  for  all  welds.  The 
hairpin  tubes  were  fabricated  from  a  single  length  of  tubing  -iih  a  2/4- 
inch  OD  and  a  0.065-inch  wall.  These  vessels  were  tertrd  Ftalically 

!.  Tests  and  Results 

a.  ms  1 

MIX  I,  with  a  total  secondary  volume  of  2.85  liters,  was  charged 
with  0.83  liter  of  water  containing  992  ppm  Cl,  61  w»m  PO^  and 

40  ppm  dissolved  oxygen.  The  resulting  pH  was  10. 5.  Fifty  and  a  half 
millililers  of  air  were  added  to  the  system.  If  all  the  oxygen  in  the  sys¬ 
tem  Were  in  the  vapor  space,  its  concentration  would  be  1.68!».  How¬ 
ever,  according  to  Henry's  Law,  about  I. !  ppm  O2  was  dissolved  in  the 
water  at  the  operating  temperature  of  the  secondary  water,  which  was 
194*  C. 

yns  1  failed  after  42  hours.  Examination  revealed  large  cracks  in 
the  tubes  which  had  been  submerged  in  water.  These  cracks  are  clearly 
visible  to  the  unaided  eyevas  shown  in  Fig.  18.  The  cracks  extended 
through  the  entire  thickness  of  the  tube  walias  shown  is  Fig.  IS.  The 
cold  worked  condition  of  the  tubing  is  shown  by  the  strain  lines  visible 
in  Fig.  19.  .All  the  cracks  originated  at  the  outside  surface  of  the  tubes. 
MIX  I  had  also  developed  sfess  corrosion  cracks  around  each  hole  of 
the  submerged  portion  of  the  lube  sheet.  The  cracks  appeared  to 
originate  at  the  sharp  edges  of  the  drilled  holes  and  prt>;>agate  in  planes 
radial  to  the  hole  axis. 
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I  b.  MIN  2 

MIN  2,  with  a  total  secondary  volume  of  2.  B5  liters,  was  charged 
I  initially  with  0. 83  liter  of  water  containing  995  ppm  Cl ,  58  ppm  PO^ 

and  7.9  ppm  dissolved  ox3rgen.  The  resulting  pH  was  10.5.  No  addi¬ 
tional  oxygen  was  added  to  the  system,  but  the  vapor  space  was  filled 

I  to  one  atmosphere  with  argon,  if  all  of  the  oxygen  present  were  con¬ 

sidered  to  be  in  the  atmosphere,  the  concentration  would  be  about  0. 23%. 
In  this  case,  Henry’s  Law  shows  that  less  than  0.2  ppm  O2  w’as  dissolved 

in  the  water  at  operating  temperature.  This  system  was  cooled  down  and 
recharged  every  180  hours  with  fresh  solution  corresponding  roughly  to 
the  initial  charge  water.  This  miniature  was  in  service  1890  hours  and 
it  did  not  fail. 

At  the  conclusion  of  the  test  the  secondary  surfaces,  excluding  tube- 
to-tube  sheet  crevice  surfaces,  was  free  of  any  measurable  quantities 
of  foreign  matter  and  showed  only  discoloration  of  the  submerged  sur¬ 
faces.  The  tube-to-tube  sheet  joints  with  expanded  tubirig  showed  no 
penetration  by  the  environmental  medium.  The  joints  which  did  not  h«v- 
eiqianded  tubing  were  similar  in  appearance,  above  or  below  the  water 
line,  but  there  was  some  discoloration  of  mating  surfaces. 

c.  hHNS 

MIN  3,  with  a  total  secondary  volume  of  2.85  liters,  was  charged 
with  0.83  liter  of  water  containing  108  ppm  Cl,  no  phosphates  and 
7. 9  H>m  dissolved  oxygen.  The  pH  was  adjusted  to  11.5  with  NaOH. 

Nc  additional  oxygen  was  added  to  the  system,  but  the  vapor  space  was 
brought  to  one  atmosphere  with  argon.  .As  in  the  case  of  MIN  2,  the 
calculated  oxygen  dissolved  in  the  environmental  water  was  less  than 
0.2  ppm  at  operating  temperature.  Under  those  conditions,  MIN  3 
failed  after  1085  hours. 

Examination  of  MIN  3  showed  that  the  tube-to-tube  sheet  crevices  of 
the  unexpanded  tube  contained  rather  heaiy  deposits  of  salt.  In  addition, 
the  machined  holes  of  the  tube  sheet  showed  local  pitting  on  the  surfaces, 
which  wns  more  extensive  in  the  hole  exposed  to  x-apor.  Cracks  developed 
in  submerged  portions  of  both  tubes  and  luoe  sheet,  also  in  the  unex¬ 
panded  tube  and  the  tube  sheet  which  formed  the  crevice  exposed  to 
vapor,  where  pitting  had  occurred.  Large  axial  cracks  were  present 
in  the  bent  portion  of  one  tube.  .All  the  cracks  in  the  tube  originated  at 
the  outside  surfaces,  and  some  penetrated  tlje  entire  wall  thickness. 
Cracking  occurred  also  in  the  submerged  portion  of  the  tube  sheet  in 
the  area  adjacent  to  the  tube  holes,  as  shown  in  Fig.  20.  .A  network  of 
very  shallow  stress  corrosion  cracks  developed  at  the  mating  surfaces 
of  the  tube  and  tube  sheet  near  the  weld  of  the  steam  phase  unexpanded 
tube-to-tube  sheet  joint.  These  cracks  developed  in  the  heat  affected 
zones  of  the  parent  materials. 
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MIN  1  and  MIN  2  provide  an  interesting  c<Kitrast,  i.e. .  the  only 
difference  in  environmental  exposure  was  the  difference  between  about 
1 . 1  ppm  dissoH'cd  oxygen  in  the  water  of  MIN  1  gnH  0. 2  ppm  dissolved 
oxygen  in  the  water  of  MIN  2.  MIN  I  failed,  but  MIN  2  did  not.  The 
absence  of  cracks  in  MIN  2  strongly  suggests  that  a  low  concentration 
of  oxygen,  even  if  periodically  depleted  and  replenished,  is  tolerable. 
Perhaps  the  presence  of  phosphate  combined  with  low  oxygen  is  re¬ 
sponsible.  The  cracking  in  MIN  3  is  attributed  to  the  concentration 
of  chloride  in  the  crevices.  The  absence  of  phosphate  and  the  presence 
of  free  alkali  may  be  significant  also.  All  of  the  cracking  was  trans- 
granular.  The  incidence  of  cracking  was  greatest  in  the  submerged 
areas  of  the  test  vessels.  The  major  danger  area  in  contact  with  the 
steam  phase  was  the  tube-to-tube  sheet  junctiem.  Cracking  was  limited 
to  the  outside  surface  of  the  tubing  and  the  edges  of  the  machined  holes 
in  the  tube  sheet.  Residual  stresses  produced  in  the  tubes  during  manu¬ 
facture  were  the  primary  source  of  stresses  contributing  to  tube  failures. 
The  failures  of  the  tube  sheets  around  the  drilled  holes  can  be  attributed 
to  a  highly  stressed  condition  resulting  from  residual  stresses  m  the 
stock  and  intensification  of  these  stresses  because  the  machined  he:es 
act  as  stress  raisers.  No  corrosion  or  cracking  occurred  in  the  ex¬ 
panded  tube-lo-tube  sheet  junctions  because  there  was  no  penetration 
by  the  environmental  medium. 

Since  stress  corrosion  cracking  occurred  in  the  tubing,  a  cursory 
analysis  of  the  existing  stresses  in  the  tubes  was  made.  Figure  21 
shows  three  short  lengths  of  tubing,  the  outer  two  of  which  were  cut 
through  one  side  with  an  abrasive  cutting  disk,  while  the  cemer  piece 
-as  cut  only  half  way  to  show  the  width  of  the  cat.  The  pieces  which 
were  cut  through  sprang  apart  about  !  /32  inch  after  cutting.  It  is  evi¬ 
dent  that  there  were  circumferential  tensile  stresses  of  considerable 
magnitude  in  the  tubing. 


C.  TESTS  WITH  CROLOY  16-1  VESSELS 
(MIX  4.  5  AND  6> 

The  Croloy  16-1  tubing  used  in  MIN  4.  5  and  6  was  0. 75  irich  cat- 
side  diameter  Aith  an  0.065-inch  wall  thickness.  The  tube  sheet  was 
made  from  Type  430  stainless  steel  bar  stock.  The  material  did  not 
meet  chemical  specifications  due  to  the  presence  of  2. 45%  Mo.  It 
was  found  necessary  to  use  this  material,  however,  since  it  was  the 
only  stock  a\'ailable  in  the  required  size  at  the  time  t.‘iese  units  were 
fabricated.  Difficulties  attributable  to  the  application  of  this  material 
arose  when  the  tube-to-tube  sheet  welds  were  made.  A  consistent 
pattern  of  radial  cracks  occurred  throughout  all  of  the  seal  welds. 
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Fig-  21.  lumgltudinal  Cuts  in  Tubing.  Illustrating  the 
Magnitude  of  Stresses  in  the  Tubing  (3x  Mag) 


Fig.  22 


Close-up  of  Tubes  and  Interface 


The  defective  joints  were  repaired  by  machining  oat  the  fused  material 
and  rewelding  with  Lnco-Weld  A  electrodes.  The  inert  gas  tungsten  arc 
process  was  used  to  make  these  repairs  and  the  initial  seal  welds. 
Helium  leak  checks  of  the  repaired  tube  sheet  assemblies  disclosed  no 
leaks.  The  Tj^pe  304  stainless  steel  primary  shell  and  the  Type  430 
stainless  steel  secondary  shell  were  joined  to  the  tube  sheet  with  Inco- 
Weld  A  material. 

1.  Tests  and  Results 


a.  MIN  4 

MIN  4  was  charged  with  0. 85  liter  of  water  that  contained  763  ppm 
Cl  and  51  l^m  PO_j.  The  ress.tting  pH  was  10.7.  Air  at  atmospheric 

pressure  was  the  covergas.  According  to  Henry’s  Law.  the  initial 
concentration  of  oxygen  dissolved  in  the  water  at  perating  temperature, 
381*  F,  was  about  12  ppm.  The  vessel  had  performed  satisfactorily 
for  2091  hours  when  a  decrease  in  pressure  was  noted.  An  unsuccess¬ 
ful  attempt  was  made  to  increase  the  pressure  by  decreasuu;  the  flow 
of  CMling  water  through  the  coil  in  the  secondary  system.  With  the 
cooling  water  vaive  opened  slightly,  pressure  was  maintained  at  1 75  ps> 
for  the  next  several  days  until  the  pressure  dropped  off  to  about  150  psi 
at  2283  hours.  The  pressure  finally  dropped  to  about  125  psi  at  2578 
hours  and  the  test  was  discontinued. 

After  the  shell  was  removed,  the  tubes  appeared  as  shown  in  Fig.  22. 
The  emire  secondary  was  evenly  coated  with  a  dark,  almost  black,  ad¬ 
herent  deposit  which  was  identified  as  Fe,0_  by  X-ray  diffraction.  A 

hea\y  deposit  of  red  rust  appeared  as  a  ring  at  the  vapor-water  imer- 
face  on  all  secondary  surfaces.  A  metalloeraphic  section  of  a  sub¬ 
merged  tube  taken  about  1/4  inch  from  the  tube  sheet  showed  that  the 
scale  was  about  0. 2  mil  thick  and  was  a  uniform  deposit.  Some  pits 
were  noted  at  this  point,  bat  they  did  not  exceed  0.5  mil  in  depth.  A 
metaliographic  section  of  the  tube  sheet  from  one  of  the  crevice  areas 
adjacent  to  the  tube-to-tube  sheet  weld  of  an  unrolled  tube  showed  a 
;cw  very  slight  cracks  (see  Fig.  23).  These  cracks  wrie  at  the  edge 
of  the  heat  affected  zone.  It  is  possible  that  the  molybdenum  in  the 
tube  sheet  was  responsible  for  the  cracks. 


.^n  area  of  great  concern  and  interest  is  the  vapor-water  interface 
where  the  corrosion  products  were  deposited.  Examination  of  this 
area  showed  pits  up  to  about  10  mils  in  depth  under  the  deposit. 

The  cause  of  the  leak  in  %1IN  4  was  not  founds  presumably,  it  was 
in  the  \-apcr  space  of  the  secondary,  because  no  crystallized  XaCl 
was  visible  on  the  outside  of  the  vessel  below  the  waterline.  No  leaks 
occurred  between  the  primary  and  secondary. 
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b.  MIN  5 

MIN  3  was  charged  with  G.  85  liter  of  water  containing  795  ppm  Cl 
at  pH  10. 5  adjusted  with  NaOH.  Air  at  atmospheric  pressure  was  the 
covergas.  As  was  the  case  with  MIN  4,  Henry's  Law  indicated  that 
the  dissolved  oxygen  at  operatiqg  temperature  was  about  12  ppm.  The 
vessel  performed  satisfactorily  for  about  480  hours;  then  the  pressure 
started  to  decrease.  An  unsuccessful  attempt  was  made  to  increase 
pressure  by  decreasing  the  flow  rate  of  the  cooling  water.  Increased 
primary  flow  had  no  effect. 

The  vessel  was  removed  from  test  and  pressurized  with  air  to  150 
psi  under  water.  The  leak  was  located  in  a  secondary  shell  weld.  The 
weld  in  that  area  was  ground  out  and  rewelded.  The  vessel  was  re¬ 
charged  with  water  of  the  original  composition  and  testing  was  resumed. 
At  733  hours «  the  unit  again  lost  pressure.  The  leak  was  located  by 
pressurizing  hydrostatically  to  500  psi.  Again  the  leak  was  in  a  second¬ 
ary  weld.  Repairs  were  made,  the  vessel  recharged  and  again  placed 
in  test.  .4t  885  hours,  the  pressure  again  started  to  drop  and  continued 
slowly  until  it  reached  125  psi  at  941  hours.  The  test  wa.*»  .'ti«=coiitinuec . 

.At  the  conclusion  of  the  test,  an  attempt  was  made  to  sample  the 
vapor  space  and  the  charge  water.  However,  it  was  found  that  only  a 
few  milliliters  of  the  charge  water  remained. 

When  the  secondary  shell  was  removed  no  prominent  ring  of  cor¬ 
rosion  products  was  found  as  in  MIN  4.  Instead,  the  deposit  was  dis¬ 
tributed  over  a  large  vertical  area  on  the  tube  bends  presumably  be¬ 
cause  of  the  fluctuating  vapor-water  interface  level  caused  by  the  three 


The  interior  of  the  secondary  shell  presented  much  the  same  ap¬ 
pearance  as  MIN  4.  The  dark  adherent  deposit  ccMisisted  of  Fe^O^ 

as  before.  Again,  the  layer  of  corrosion  products  was  very  thin 
(about  0.2  mil).  Figure  24  is  a  cross  section  from  the  outer  circum¬ 
ference  of  one  of  the  tabes  at  the  interface.  The  area  was  the  worst 
of  either  MIX  4,  MIX  5  or  MIX  6,  so  far  as  pitting  was  concerned. 
The  approximate  depth  of  the  pits  is  10  mils. 


Metallographic  sections  were  made  of  tlie  tube-lo-tube  sheet  area 
adjacent  to  the  seal  weld  in  all  the  tubes.  .An  interesting  result  was 
discovered.  The  heal  affected  zone  of  the  tube  sheet  of  the  unrolled 
tube  *-as  extensively  cracked.  -A  series  of  polishings  on  one  of  the 
specimens,  each  polishing  removing  about  1/64  inch,  showed  that  the 
cracking  was  rather  extensive.  The  explanation  of  these  cracks  can 
probably  be  traced  to  the  molybdenum  in  the  tubt  sheet  composition. 
.As  was  found  in  the  case  of  MIX  4,  the  secondary  environment  pene¬ 
trated  the  unrolled  tube-to-tube  sheet  crevice,  but  was  excluded  from 
the  rolled  tube.  The  leak,  presumably  in  the  secondary  shell,  was 
not  found. 
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c.  MIN  fi 

MIN  6  was  charged  with  0. 98  liter  of  water  that  contained  403  ppm 
Cl.  The  pH,  unadjusted,  was  6.5.  The  pressure  of  the  secondary 
vapor  space  was  reduced  to  14.2  inches  of  mercury  and  sealed-  The 
resulting  partial  pressure  of  oxygen  caused  about  6  ppm  O2  to  be  dis¬ 
solved  initially  in  the  water  at  the  operating  temperature.  The  vessel 
performed  satisfactorily  over  its  test  life  of  2767  hours. 

When  MIN  6  was  examined  after  the  tests ,  it  was  found  that  the  sub¬ 
merged  tubes  were  evenly  coated  with  a  Hark,  almost  black,  oxide.  The 
vapor  phase  *ubes  were  coated  with  an  oxide  from  various  degrees  of 
iridescence  (almost  no  oxide  film)  to  very  dark  where  condensed  water 
dripped  onto  the  exposed  tubes.  There  was  no  prominent  interface. 
There  were  a  few  small  isolated  areas  of  red  iron  rust  on  the  submerged 
tubes.  X-ray  diffraction  analysis  showed  that  magnetic  iron  oxide, 
Fe^O^,  was  the  only  prominently  discernible  pattern.  It  is  interesting 

to  note  that  the  dominant  iron  oxide  structure  was  Fe^O,.  whereas  in 

MIN  4  and  MIN  5,  the  dominant  structure  was  FOgOg.  MIN  S  had  a 

more  limited  supply  of  oxygen  initially.  Both  MIN  4  and  MIN  5  had 
more  oxygen  initially  and  had  leaks.  During  the  period  when  pressure 
could  not  be  maintained  on  these  vessels,  a  power  outage  and  a  pri¬ 
mary  loop  heater  failure  interrupted  the  tests.  This  provided  ample 
opportunity  for  oxygen  to  be  drawn  into  the  .secondary  as  the  vessels 
cooled.  In  addition  to  this,  MIN  5  was  charged  three  times  during  its 
test  life,  and  each  time  the  oxygen  was  replenished.  Therefore,  it  is 
indicated  that  the  initial  low  oxygen  concentration  made  the  test  on 
MIN  6  appear  favorable.  No  cracks  were  found  in  this  test  vessel. 

2.  .Analysis  of  Results 

The  performance  of  the  Croloy  16-1  tubes  was  encouraging  in  that 
none  of  the  tubes  cracked.  .Although  it  was  impossible  to  maintain 
rcntinucus  tests  with  two  of  the  three  Cro-oy  26-1  test  vessels,  the 

{fault  lay  with  the  shell  closure  welds,  not  the  tubes.  Initially,  the  tube- 
^  to- tube  sheet  seal  welds  leaked  due  to  cracks  which  were  repaired  prior 

to  testing.  On  the  basis  of  the  test  of  these  miniature  vessels  with  static 
secondary  systems,  the  Croloy  16-1  tubes  performed  satisfactorily. 

I  The  limitaf.oi:  of  ‘he  static  system  as  a  test  device,  without  replace- 

•  ment  of  oxygen,  is  indicated  by  the  formation  of  Fe^O^  >n  MIX  6,  the 

only  Croloy  IG-l  miniature  which  did  not  leak.  As  expected,  the  worst 
corrosion,  i.e.  ,  the  deepest  pits,  occurred  at  the  vapor-to- water 
interface. 
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D  test  with  bimetal  vessel  (KHN  7) 

The  bimetal  tubing,  0. 750- inch OD by  0.065-inch  wall,  used  in  this 
test  vessel  had  a  clad  of  1000  series  carbon  steel  over  a  Type  304 
stainless  steel  liner.  The  tube  sheet  was  machmed  from  a  4-1 /2-inch 
OD  bar  of  annealed  SAE  1020  carbon  steel.  It  had  provisions  for  the 
deposition  of  a  stainless  steel  weld  on  the  primary  face  and  adjacent 
periphery.  The  surfaces  to  be  clad  were  undercut  1  /4  inch.  The  over¬ 
lay  was  deposited  to  a  thickness  in  excess  of  the  finished  dimensions 
to  allow  for  final  machining.  The  clad  surfaces  were  machined  and 
the  tube  entrance  holes  were  drilled  and  reamed  to  size.  0.005  inch 
over  tbe  tube  OD.  The  holes  were  counterbored  on  the  clad  side  to 
a  depth  sufficient  to  remove  the  stainless  steel  overlay.  The  counter¬ 
bore  was  1-1/8  inch  in  diameter.  This  provided  a  3/16-inch  ferritic 
steel  land  around  tbe  tubes.  The  bimetal  tubes  were  bent,  machined 
to  length  and  ifiserted  in  the  tube  sheet.  The  squared  enos  of  the  tubes 
were  positioned  to  project  1/16  inch  above  the  bottoms  of  the  counter- 
bored  surfaces  and  were  roller  expanded  into  the  tube  shee-; . 

The  tubes  were  joined  to  the  tube  sheet  with  an  Inconel  weld  so 
placed  that  only  the  outer  ferritic  layer  of  the  tube  was  penetrated. 

The  remaining  counterbore  volume  was  filled  in  with  Type  308  stain¬ 
less  steel  weld  metal.  The  Icccncl  was  thus  overlaid  with  stainless 
steel  and  a  junction  made  between  the  stainless  steel  layer  of  the  tube 
and  the  primary  surface  clad.  The  excess  buildup  in  the  tube  was 
removed  by  reaming.  After  the  containment  shells  were  joined  to  tne 
lube  sheet  by  peripheral  welds,  the  unit  was  inspected  with  dye  pe:«e- 
ti  a::t  and  statically  tested  with  2260  psi  on  the  primary  circuit  and 
375  psi  on  t'le  secondary. 

1.  Tests  and  Results 


MIN  7  was  charged  with  water  containing  1000  ppm  Cl  and  50  ppm 
PO^  at  pH  10.5  with  1.6%  ©2  in  the  vapor  spac^  initially.  It  was 

tested  3256  hours  with  an  interim  dawn  time  of  138  days.  Tht;  second¬ 
ary  system  was  untouched  during  this  entire  period.  .4t  the  end  of  the 
test  period,  all  the  oxygen  was  depleted  from  the  secondary  environ¬ 
ment.  .All  indications  wore  that  the  bimetal  miniature  test  could  have 
continued  indefinitely. 

The  secondary  surfaces  were  coated  with  a  dense,  adherent  dark 
film  similar  to  that  found  in  all  the  other  test  units.  X-ray  examina¬ 
tion  showed  the  film  to  be  compo.sed  of  alpha- Fe„0^-and  Fe,0,. 

Figure  25  shows  the  tubes  with  ihe  corrosion  products  as  removed 
from  the  shell.  Examination  of  the  secondary  tube  and  tube  sheet  sur¬ 
faces  revealed  no  evidence  of  crocks,  as  expected. 
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Micro  examination  of  the  tubing  revealed  numerous  irregularities 
in  one  of  the  two  tubes.  The  stainless  steel  was  approximately  i/4  of 
the  tube  wall  thickness  instead  of  the  usual  !/2  value.  It  was  highly 
sensitized  along  the  entire  tube  length,  and  cracks  were  present  which 
completely  penetrated  the  Type  304  stainless  steel  liner,  following 
intergranular  paths  as  shown  in  Fi<'.  26.  An  unusually  broad  zone  of 
heavy  carbide  concentration  can  b».  seen  in  the  stainless  steel  at  the 
carbon  steel  interface.  Both  the  carbon  and  stainless  steel  contained 
unusually  high  percentages  of  carbon  The  high  carbon  content  of  the 
stainless  steel  can  be  attributed  to  the  diffusion  of  carbon  from  the 
ferritic  steel  during  tube  fabrication.  The  intergranular  cracks  are 
assumed  to  have  developed  during  fabrication  of  the  tubing  as  a  result 
of  the  high  carbon  content.  The  cracks  could  n-at  have  resulted  from 
corrosive  attack  sixice  general  grain  boundary  attack  did  not  occur  and 
the  cracks  are  relatively  uniform  in  width  throughout  their  lengths. 

.Additional  material  in  the  "as  received"  cemdition  was  not  a\ailable 

for  checking  to  determine  if  the  cracks  existed  in  the  tubes  before 

test.  I 


2.  Analvsis  of  Results 


The  feasibility  of  using  a  low  carbon  clad  in  the  secondary  s>stem, 
where  only  limited  amounts  of  oxygen  are  present,  was  shown  to  be 
favorable.  The  known  quantity  of  oxygen  initially  present  was  quickly 
used,  after  which  no  corrosion  occurred.  The  key  to  a  successful 
application  is  the  elimination  of  oxygen. 


E.  TESTS  WITH  INCONEL  VESSELS 
(MIN  8,  9,  10  AND  11) 


The  Inconel  tubing  used  in  these  units  was  3/4-inch  outside  diameter 
with  an  0.070-inch  wall  thickness.  The  butt  and  fillet  welds  between 
the  Inconel  tube  sheet  and  the  Type  304  stainless  steel  primary  were 
made  with  Inco-Weid  A  rod.  In  MIN  8  and  9,  the  secondary  shell  and 
tube  sheet  were  both  of  Inconel  and  were  joined  with  Inco-Weld  A  rod. 
These  two  vessels  were  tested  with  static  secondaries.  The  secondary 
system  in  MIN  10  and  11  was  dynamic;  anJ  th»*  modified  design,  shown 
in  Fig.  17,  was  used  for  these  vessels.  MIX  tC  and  13  were  fabricated 
with  .AiSI  1030  caibon  steel  secondary  shell  joined  to  the  Inconel  tube 
sheet  with  inco-Weld  A  rod. 
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F‘i-  2t>.  Intergranular  Cracking  in  Type  304  SS 

Clad  of  nimetal  Tube  Containing  Numerous 
Irregularities  (MIN  7)  Magn  250x 
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1.  Tests  and  Results 


a.  MIX  8 

MIN  8  was  chained  with  0. 77  liter  of  water  that  contained  1002  ??•:• 
chloride  as  C!  at  pH  S.  2  adjusted  with  trisodians  phosphate.  .A.ir  at 
atmospheric  pressure  was  the  covergas.  The  oxygen  initially  dissolved 
in  the  water  at  operatii^  temperature  was  about  12  ppm.  The  vessel 
performed  satisfactorily  over  its  test  life  of  5296  hours.  At  the  con¬ 
clusion  of  the  test.  0. 77  liter  of  the  charge  water  was  recovered.  The 
vapor  space  oxygen  measured  about  20%  by  volume.  The  pH  was  S. 

Some  crystallization  of  XaCl  occurred  at  the  imerface  and  in  the  crev¬ 
ices  of  the  unrolled  tubes  and  thus  lowered  slightly  the  concentration  of 
dissolved  C2. 

The  submerged  tubes  of  MIN  8  were  evenly  coated  with  a  very  thin 
iridescent  oxide  film,  as  shown  in  Fig.  27.  The  tubing  exposed  to  va¬ 
por  an  oxide  film  thickness  which  varied  from  virtually  none  through 
various  shades  of  iridescence  to  a  heavier  blue  coloration  where  con¬ 
densed  water  dripped  onto  the  exposed  tubes.  There  was  ^  limited 
deposit  of  corrosion  products  at  the  interface.  The  ova:  nil  nppea’-.s-.<-»‘ 
was  excellent.  .As  usual,  the  crevices  between  the  tube  ami  tube  shec- 
of  the  unrolled  tubes  were  partly  filled  with  environmental  soll'rfc.  5?-'«w 
ever,  no  ceietericus  effect  was  noted.  There  was  not  enough  corrosion 
product  to  determine  a  thickness.  Despite  the  fact  tliai  «:ori5iu-ra&lv 
oxj-gen  remained  after  the  lert  (shout  volume),  very  little  corrosion 
occurred. 

b.  illM  9 

MIN  9  was  charged  with  0. 85  liter  of  water  that  contained  997  ppm 
chloride  as  Cl.  The  pH  was  adjusted  to  8. 3  with  NaOK.  .Air  at  atmos¬ 
pheric  pressure  was  the  covergas.  The  initial  concentration  of  oxygen 
in  the  water  at  operating  temperature  was  about  12  ppm.  The  vessel 
performed  satisfactorily  over  its  test  life  of  2631  hours.  At  the  con¬ 
clusion  of  the  test,  0.84  liter  of  the  charge  water  was  recovered.  The 
vapor  space  oxygen  measured  about  16%  by  volume. 

The  visual  appearance  of  MIN  9  contrasted  sharply  with  the  appear¬ 
ance  of  MIN  8.  Figure  28  shows  the  unit  with  the  secondary  shell  re¬ 
moved.  The  pale  yellow- green  film  on  the  submerged  portion  of  the 
tubes  was  less  than  0. 1  mi’  in  thickness.  X-ray  diffraction  idemified 
two  domi:iant  structures  in  the  film  from  the  submerged  tubes — a  dis¬ 
torted  NiO-  K,0  structure  with  traces  of  Fe^^.  The  portions  of  the 

tabes  exposed  to  vapor  had  very  little  corrosion  film  except  at  the 
point  where  water,  condensed  by  the  cooling  coil,  dripped  onto  the 
tubes.  Seme  areas  of  the  tubes  showed  bright  metal.  A  mctallographic 
cross  section  of  the  submerged  tube,  after  cleaning,  showed  some 
isolated  areas  of  slight  pitting  in  the  range  of  1  to  2  mils  in  depth. 
Knvironmental  solids  were  again  found  in  the  crevices  of  ihe  unrolled 
*ube. 
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The  general  appearance  of  MIN  9  was  very  good.  There  was  very 
little  corrosion  product  in  the  secondary,  neither  on  the  tubes  nor  the 
hiconel  secondary  shell.  The  interior  of  the  secondary  shell  exposed 
to  vapor  remained  especially  bright  and  lustrous. 

The  mechanism  for  the  formation  of  the  film  is  prtA>lematical. 
Presumably,  the  caustic  was  responsible.  It  is  notable  that  no  similar 
film  occurred  in  MIN  8.  where  the  pH  was  aqusted  to  the  same  level 
with  trisodium  phosf^te.  It  is  also  interesting  to  note  that,  although 
ample  oxygen  remained  at  the  conclusion  of  the  test  (at  least  1 6%  bv 
volume),  little  corrosion  occurred. 

c.  MIN  10 

The  secondary  environment  of  MIN  10  cemtained  1080  f^m  Cl  and 
the  pH  was  maintained  at  10  with  sodium  hjrdroxide.  There  was  no 
chemical  treatment  to  remove  oxygen  but  the  secondary  make~up 
tank  was  maintained  at  180*  F  to  expel  dissolved  gases'  This  main¬ 
tained  the  oxygen  concentration  at  somewhat  less  than  0.5  crn:.  Since 
very  impure  conditions  were  used  for  the  test  environiren*.  t’p  water 
was  used  for  make-up.  Three  other  miniature  heat  exchangers.  MIN  1 1 
15  and  18.  were  tested  along  with  MIK  10;  and  some  difficulty  was  en¬ 
countered  in  maintaining  the  specified  water  conditions.  Chloride 
fluctiation  was  primarily  caused  by  ineffective  removal  by  the  steam 
separators  of  entrained  droplets  which  contained  dissolved  solids  from 
the  steam.  This  resulted  in  carry-over  of  the  chemicals  to  the  common 
storage  tank.  &nce  ail  the  test  vessels  cid  not  have  the  same  steaming 
rule,  there  was  some  interchange  of  environmental  solids.  MIN  10  was 
tectfiri  :t044  bears  without  failure. 

Figure  29  shows  the  tabes  before  they  were  cleaned.  The  tubes 
were  covered  with  a  rather  loosely  adherent  boiler  scale.  Samples  of 
the  deposit  on  the  tubes  were  removed  from  boil:  the  water  and  vapor 
phases.  X-ray  diffraction  shewed  that  CaSO^  was  the  major  constit¬ 
uent  and  CaCO^  was  the  minor  constituent  in  the  deposit  from  both 

the  vapor  and  liquid  phases.  Baltimore  City  tap  water  was  used  for 
taake-up  water  because  an  objective  of  the  tests  was  to  further  in¬ 
vestigate  the  possibility  of  using  untreated  ground  water  in  the  sec¬ 
ondary  system  of  steam  generators  for  plants  at  remote  sites.  The 
use  of  tap  water  accounts  for  the  heavy  boiler  scale.  The  pale  yellow- 
green  film  which  appeared  on  the  submerged  portions  of  the  tubes  in 
MIN  9  did  not  appear  in  MIN  10.  although  both  had  the  same  chemical 
environment.  expected,  the  environment  penetrated  the  crevice 
formed  by  the  anexpanded  tube  and  the  tube  sheet.  However,  metallo- 
graphic  se'-tior.s  of  both  the  tubes  and  the  tube  sheet  adjacent  to  the 
areas  of  penetration  showed  no  detrimental  effects . 
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Examination  of  the  tubing  after  cleaning  revealed  some  attack  of 
the  secondary  surface.  Some  incipient  attack  and  a  few  shallow  iso¬ 
lated  pits — the  deepest  was  three  mils — were  found.  The  attack  was 
slightly  more  prevalent  on  the  surface  that  was  exposed  to  vapor  than 
on  the  surface  exposed  to  liquid.  The  extent  of  pitting  suggested  pos¬ 
sible  ferrite  coctamicaticn  of  the  tubing  after  fabrication  was  com¬ 
pleted.  because  of  the  carbon  steel  shell. 

The  exceptional  resistance  of  Inconel  to  corrosive  attack  under 
severe  environmental  exposure  is  obvious.  The  Inconel  tubing  in  this 
test  vessel,  after  more  than  3000  hours  in  a  hot  solution  containing 
high  chloride,  some  oxygen  and  numerous  other  dissolved  materials, 
suffered  only  minor  attack.  The  tubing  suffered  very  little  general 
corrosion. 

d.  MIN  11 

The  secondary  environment  of  UIN  1 1  contained  1000  npm  Cl  and  the 
pH  was  maintained  at  10  with  a  solution  containing  33^  and 

67%  Na,HPO^.  There  was  no  chemical  treatment  to  remove  oxygen 

but  the  secondary  make-up  tank  was  maintained  at  180*  F  to  expel  dis¬ 
solved  gases.  This  maintained  the  oxygen  concentration  at  somewhat 
less  than  03  ppm.  Other  conditions  were  the  same  as  those  used  for 
MIN  10. 

MIN  1 1  was  tested  3024  hours  without  failure.  Figure  30  shows 
the  appearance  of  the  tubes  after  the  test.  X-ray  diffraction  analysis 
showed  that  CaSO^  was  the  major  constituent  and  CaCO^  was  the  minor 

constituent  of  the  film  that  was  formed  on  the  tubes  in  both  the  vapor 
and  the  litpiid  phases.  Although  the  tubes  exposed  to  vapor  were  covered 
with  boiler  scale,  there  were  some  isolated  areas  which  showed  bright 
metai.  The  tube  surfaces  were  bright  and  lustrous  after  cleaning. 

The  tube  with  the  expanded  joints  showed  no  environmental  pene¬ 
tration  in  either  phase,  but  the  environment  penetrated  the  unexpanded 
tube  joints.  The  tests  with  MIN  10  and  MIN  II  were  indistinguishable 
in  results  with  respect  to  the  minor  environmental  difference  of  pH 
adjustment.  There  was  isolated  incipient  attack  with  a  few  shallow 
pits,  up  to  about  5  mils  deep,  in  MIN  11. 

2.  Analysis  of  Results 

The  performance  of  the  inconel  tubes  in  all  the  vessels  was  very 
good.  It  ;s  far  superior  to  any  material  tested  previously.  The  se¬ 
vere  conditions  under  which  ail  the  test  vessels  were  operated  had 
little  effect  on  Inconel. 
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F.  TESTS  WITH  MONEL  VESSELS  IMIN  13  AND  24) 

The  Monel  heJit  exchanger  tubes  were  fabricated  fror.  the  same 
heat  of  materia!  that  was  used  is  the  Monel  autoclave  test  coupons. 

The  tube  sheet  body  was  1020  carbon  steel  w.th  niclcel  overlay  on  the 
primary  side.  The  secondary  shell  was  1030  carbon  steel.  These 
vessels  had  dynamic  secondary  systems.  Deionized  water  was  used 
for  make-up. 

1 .  Tests  and  Test  Results 

a.  MIN  13 

The  secondary  environment  in  MIN  13  contained  1000  ppm  Cl  and 
the  pH  was  adjusted  to  10  with  a  solution  containing  67^  disodium 
phosphate  and  33%  trisodium  phosi^te.  MIN  13  was  tested  for  1393 
hours.  The  appearance  of  the  tubes  before  cleaning  is  shown  in  Fig. 

31.  The  secondary  surfaces,  excluding  the  tube  sheet  crevi'^e  sur¬ 
faces.  were  free  of  any  measurable  quantities  of  foreign  matter  and 
showed  only  a  very  thin  film  of  gray  discoloration  on  both  vapor  and 
liqmd  surfaces.  X-ray  diffraction  identified  Fe^O^  as  the  major  con¬ 
stituent  in  the  deposit  found  on  the  tubes  in  both  liquid  and  vapor  phases. 
The  film  of  corrosion  products  found  on  the  tubes  in  the  liquid  phase 
was  slightly  daHcer  than  the  film  in  the  vapor  phase.  All  the  tube-to- 
tube  sheet  joints  were  expanded  in  MIN  13.  thus  excluding  the  environ¬ 
ment.  Pits  were  found  on  the  secondary  surfaces  which  ranged  in 
depth  to  about  3  mils.  Figure  32  shows  a  typical  area  of  attack  in  the 
vuper  and  liquid  phases. 

b.  MIN  14 

MIN  14  contained  secondary  water  of  reactor  quality — 0.5  ppm  Cl 
maximum,  pH  10  with  a  trisodium  phosphate  solution  free  of  "excess 
hydroxide"  according  to  the  Whirl -Purcell  (Ref.  5)  curve,  lO  ppm 
SO^  and  200  ppm  maximum  total  solids.  On  occasion,  there  was  some 

minor  carry-over  of  chloride  into  f.fIX  14,  which  necessitated  flushing 
with  demineralized  water  until  the  chloride  concentration  was  within 
specification. 

MIN  14  was  tested  for  141 S  hours.  The  film  on  the  submerged 
tubes  was  slightly  darker  than  the  tubes  exposed  to  vapor.  Figure  33 
shows  the  tubes  after  the  secondary  shell  was  removed.  In  MiN  14, 
all  tube-io-tube  sheet  joints  were  expanded  and  there  was  no  pene¬ 
tration  of  any  of  the  joints.  The  results,  so  far  as  pitting  was  con¬ 
cerned.  nearly  duplicated  the  results  of  MIN  13,  with  one  difference. 

The  extent  of  pitting  and  incipient  attack  was  somewhat  less.  How¬ 
ever,  the  difference  in  the  number  of  areas  attacked  did  not  reflect  the 
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Vapor  phase: 
Penetration  =1.5  mils 


Water  phase: 

Penetration  =  1.1  mils 

Fig.  32.  MIN  13--Typ!cai  Pitted  .nrcas 

(30  X  Mag) 
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difference  in  test  environment,  at  least  »ith  respect  to  dissolved 
chloride.  The  secondary  environment  of  MIN  1 3  contained  1 OGO  ppm 
Cl.  while  the  environment  of  MIN  14  was  virtually  chloride  free; 
therefore,  pitting  may  be  independent  of  the  presence  of  chloride. 

2.  Analysis  of  Results 

Monel  showed  good  resistance  to  general  corrosion.  However, 
the  Monel  tubing  showed  considerably  more  incipient  attack  and  pits 
than  were  found  on  the  Inconel  tubes.  The  ratio  of  pits  to  areas  cf 
incipient  attack  was  greater  also  than  that  found  on  the  Inconc! . 


G.  TESTS  WITH  BIM£T.4L  (MIN  15  .4ND  16) 

The  two  bimetal  heat  exchangers  were  constructed  identically. 

Each  had  a  carbon  steel  1030  tube  sheet  with  Type  308  stainless  steel 
overlay  and  a  1030  carbon  steel  secondary  shell.  Type  303  filler 
metal  was  used  for  all  welds.  The  primary  side  of  the  ‘"•irpin  tubes 
was  -AISl  Type  304  stainless  steel.  0.032  inch  thick,  and  u.c  sccond.irv 
side  was  1020  carbon  steel  0.032  inch  thick.  These  vessels  were 
tested  dynamically  along  with  MIN  10  and  11.  Tap  water  was  used 
for  make-up. 

The  tests  with  MIN  15  and  16  were  intended  to  define  the  extent 
of  galvanic  protection  in  the  bimetal  system.  MIN  1 G  was  intentionall  v 
defected  by  filing  away  the  low  carbon  steel  facing  the  secondary  en¬ 
vironment  to  expose  the  stainless  steel.  Defects  of  two  sizes.  1/8  inch 
by  I  /a  inch  and  1/8  Inch  by  3/4  inch  were  machined  on  the  tubing  ex¬ 
posed  to  the  vapor  phase,  the  liquid  phase  and  at  Ute  vapor  liquid  Ln- 
terface. 

1 .  Tests  and  Results 

a.  MIN  13 

The  water  conditions  for  MIN  1 5  were  800  ppm  Cl  and  pH  adjusted 
to  10  with  a  solution  containing  33^  Na^PO^  and  67%  Na^RPO . . 

MIN  15  was  tested  for  3019  hours.  Tne  tubes  were  heavily  coated 
with  corrosion  products  and  scale,  as  shown  in  Fig.  34.  X-ray  dif¬ 
fraction  identified  the  major  constituent  on  the  submerged  tubes  to  he 
CaCO-  and  the  miner  constituent  lo  be  Fe_0.  with  a  trtice  of  CaSO.. 

The  major  constituent  of  the  deposit  in  the  vapor  phase  was  found  to 
be  Fe^Oji  with  traces  of  CaCO^  and  CaSO^.  .4ii  the  tubes  were  ex¬ 
panded  into  the  tube  sheet.  There  was  no  penetration  of  any  of  these 
joints.  The  tubes  were  badly  pitted,  particularly  in  the  vapor  phase. 
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Fig.  MIN  15— Appearance  After  3019  Hours  of  Testing 


Fig.  35.  Mix  16 — .^fnr.irance  After  Tcattrii-  and  IJcs-aJ.nj 
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Ther*»  were  a  number  of  areas  where  the  low  carbon  steel  secondarv 
clad  had  been  penetrated  completely,  exposing  small  areas  of  stain¬ 
less  steel.  The  stainless  steel  suffered  no  detrimenUl  effects  from 
exposure  to  the  severe  environment,  presumably  because  of  cathodic 
protection  by  the  surrounding  sacrificial,  low  carbon  steel  anode. 

b.  MIN  16 

The  environmental  conditions  of  MIN  1 6  were  identical  to  those 
of  MIN  15.  MIN  16  was  tested  for  3035  hours.  .After  testing,  the  tubes 
appeared  similar  to  those  in  MIN  15.  The  composition  of  the  scale 
was  the  same,  and  the  portion  of  the  tubes  that  was  exposed  to  the 
'•^pOT  phase  nad  the  same  darV,  almost  blade,  corrosion  prc-ducts  as 
found  in  MIN  15.  The  tubing  in  MIN  16  was  purposely  defected  bv  ex¬ 
posing  the  stainless  steel  sublayer,  as  is  illustrated  in  Fig.  35.  "The 
defects  and  the  extent  of  corrosion  are  clearly  \isible.  Gross  amounts 
of  the  low  carbon  steel  clad  were  corroded  away.  Metallographic  sec¬ 
tions  from  the  areas  of  the  defects  revealed  no  detrimental  effect.s  as 
far  as  the  stainless  steel  was  concerned. 

2.  -Analysis  of  Results 


The  most  striking  result  was  the  excellent  resistance  of  the  sub¬ 
merged  low  carbon  steel  tufcing  to  the  severe  environment. 


A  rigid  definition  of  tne  extent  of  cathodic  protectioti  in  these 
tests  is  very  difficult,  it  could  easily  be  argued  that  the  chance  ex¬ 
posure  of  a  crack  susceptible  area  (an  area  where  stresses  are  ade¬ 
quate  for  cracking,  needing  only  exposure  to  water  which  contaiiis 
exjgcn  and  chJori^  at  high  temperature)  is  remote;  thereforaw  the 
fact  that  cracks  did  not  occur  in  the  specific  area  exposed  does  not 
prove  anything  conclusively.  However,  the  fact  that  the  .AiSI  Type  304 
stainless  steel  did  not  crack  canr>ot  be  completely  disregarded*  The 
gross  loss  of  the  low  carbon  steel  outer  clad  from  the  tubing  on  the 
•••apor  phase  is  no  proot  that  cathodic  protection  was  in  effect.  Con¬ 
sidering  the  conditions,  i.e.,  a  nearly  dry  boiler  scale,  it  is  doubtful 
if  cathodic  protection  could  operate.  It  appears  that  additional  tests, 
designed  specifically  for  the  purpose,  are  required  to  obtain  a  final 


\1I  the  tubes  were  expanded  into  the  tube  sheet.  The  environment 
was  effectively  excluded. 
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H.  TESTS  WITH  NICKEL  VESSELS  (MIN  18  AND  19) 


These  vessels  were  tested  dynamically.  Demineralized  water  was 
tised  for  make-up. 

1 .  Tests  and  Results 


a.  kilN  18 

The  secondary  environment  In  MIN  18  contained  1000  ppm  Cl  and 
the  pH  w-as  adjusted  to  10  with  a  solution  containing  67%  disodiam 
pnospnate  and  33%  trisodium  phosphate. 

MIN  18  was  tested  for  1385  hours.  Figure  36  shows  a  closeup  of 
the  tubes  before  they  were  cleaned.  The  secondary  surfaces  were  free 
of  any  measurable  quantity  of  a  corrosion  film.  There  was  a  dark  gray 
discoloration  on  the  tube  surfaces  in  both  vapor  and  liquid  phases. 

The  thin  deposit  on  the  tubes  was  mostly  Fe^O^  in  both  t;.<.  vaaor  and 

liquid  {biases.  There  was  a  very  smzl!  deposit  of  corrosion  products 
at  the  interface.  The  submerged  portions  of  the  tubes  were  sligb*:y 
darkcr  than  the  portions  exposed  to  the  vapor  phase.  In  MIN  18,  ail 
the  tube-to-lube  sheet  joints  were  expanded,  and  there  was  no  pcnc  - 
traticm  of  the  joints  by  the  sectmdary  emdroument.  The  tubing  was 
pitted  and  the  extent  of  attack  was  about  equal  to  the  attack  on  the 
Monel  tubes  is  SUN  13.  There  was  little  difference  in  Unr  extent  of 
attack  between  the  vapor  and  liquid  phases.  The  pits  ranged  up  to  Z 
mils  in  depth. 

b.  MIN  19 

The  environment  of  MIN  19  contsined  0.5  ppm  Ci  .maximum.  10 
ppm  SO^.  209  ppm  maximum  total  solids  and  pH  was  adjusted  to  10 

with  a  trisodium  phosphate  solutton  free  of  "excess  hydroxide”  accord¬ 
ing  to  the  'Whirl -Purcell  curve.  It  was  necessary  on  occasion  to  flush 
the  secondary  system  of  MiN  19  to  reduce  the  slight  excess  of  chloride 
which  accumulated. 

MIN  19  was  tested  for  1350  hours.  Figure  37  shows  a  »-loseup  of 
the  tubes  before  cleani.tg.  fbe  major  constituent  of  the 

deposit  in  both  the  vapor  and  liquid  phases.  The  -i-apor-liquid  inter¬ 
face  was  not  as  pronouncec  as  the  interface  in  MIN  18.  Generally,  the 
ov<-rall  appearance  was  abo^t  the  same  as  MiN  58.  Ail  the  ttjt>e-to- 
tube  sheet  joints  were  expanded  in  MIN  19,  which  excluded  '.he  sec- 
ccniary  en«i<onment.  Some  incipient  attack  and  pitting  occurred  in 
Ui!S  vessel  also.  The  extent  of  attack  was  about  the  same  as  that  in 
MIN  18  and  was  -omparuble  to  that  in  MIN  13  and  If.  the  Monel  res* 
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vessels.  MIN  18  and  MlN  IS.  were  attacked 
^  ^  d<*pendcnt  apcp  the  presence  of  chloride. 
The  extent  of  attack  was  about  the  same  in  both  jAases. 

2»  Analysis  of  Results 

The  results  with  nickel  closely  approximate  the  results  with  Mosel. 
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VI.  MODEL  HEAT  EXCHANGER  TESTING 


Sets  of  model  heat  exchangers  (a  set  consists  of  a  steam  generator 
and  superheater}  were  fabricated,  using  the  following  materials:  Type 
304  signless  steel.  Croloy  16-1.  Inconel  and  bimetal  (carbon  steel 
secondary-stainless  steel  primary).  Chemical  compositions  of  the 
materials  are  summarized  in  Appendix  A. 


-A.  GENERAL  DESCRIPTION 


1 .  Design 

Model  vessels  Ox  ItaC  design  shown  in  Fig.  38  were  used  to  test 
materials  of  construction  of  both  steam  generator  and  superheater 
configurations.  The  steam  generator  and  superheater  are  separate 
units.  The  only  differences  are  a  blowdown  port  in  the  steam  generator 
and  a  flow  baffle  in  the  superheater.  The  length  of  the  tubes  from 
tube  sheet  to  top  of  bend  is  about  25  inches,  and  the  tune-  are  1/2- 
3/4-inch  OD  with  an  0.065-inch  walL  The  nibe  sheet  is  2-3/4  inches 
thick.  Each  unit  consists  of  three  subassemblies:  { I }  tubes  and  tuLe 
sheet.  (2)  secondary  shell  and  (3)  primary  shelL  A  summary  of  tjje  < 

materials  used  is  the  construction  of  the  vessels  tested  is  shown  m 
Table  8. 

2.  Fabneatton 

Most  of  the  fabrication  methods  used  for  the  model  vessels  are 
quite  similar  to  those  employed  for  miniature  vessels.  (See  Section 
V-A-2.)* The  tubes  are  first  assembled  into  the  tube  sheet.  An  ex¬ 
pander  is  used  to  roll  all  tubes  for  a  length  equivalent  to  the  thickness 
of  the  tube  sheet  plus  0.250  inch.  The  tubes  are  weld-sealed  on  the 
primary  side  and  the  weld  overlays  made  when  necessary.  No  overlay 
IS  required  on  the  AISl  Type  304  vessels,  bat  overlays  are  required  on  j 

the  others.  After  welding  the  secondary  shell  to  the  tube  sheet,  the 
assembly  is  helium  leak-tested  with  n  mass  spectrometer.  Finalli'.  | 

the  assembly  is  completed  by  welding  the  primary  shell  to  the  tube 
sheet.  The  primary  side  is  hydrostatically  tested  to  3375  j»si  and  the 
secondary  side  to  675  psi.  N»ne  of  thr  .trssels  received  any  heat 
treatment. 

3.  Environmental  Control  ! 

-  I 

Numerous  analvses  and  chemical  adjustments  were  necessary  to  1 

maintain  the  sp*-cif»ed  environments.  Control  of  individual  environments 
was  semenfthat  Jifiiciilt  because  of  iccidcntal  entrainnierit  of  d;sso!v*-d 
solids,  which  transiKjrted  earironcri'^iital  chesnicalif  from  the  stsam 
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I  generator  through  the  superheater  and  condensate  return  to  the  inaiie- 

up  tank.  Corrosion  products  front  the  wrought  iron  pipe  in  the  second- 
arv  sj-sten»  in  front  of  the  steam  generator  contribwted  to  the  problem 
of  proper  environmental  control.  Model  exchattgers  SX-1,  SX-2,  SX-5 
and  SX-6  were  tested  with  one  feed  pump  and  one  make-up  tank  serving 
two  sets  of  vessels,  as  did  the  condensate  return  line.  Intermix!  ng  of 
environments  occurred  frequently,  frtermixing  of  environmental  chem¬ 
icals  stopped  when  the  system  was  divided  into  two  entities  with  a 
secondary  system  for  each  of  the  two  sets  of  model  heat  exchangers. 

4.  Pretest  and  Post-Test  Evaluation 

See  Sections  V-A-3  and  <  under  Miniature  Heat  Exchangers.  The 
same  procedures  are  pertinent  for  the  model  heat  exchangers. 

R  TESTS  WITH  TYPE  304  ST.AINLESS  STEEL 
VESSELS  tSG-l  AKDSH-D 

1.  Tests  and  Results 

The  initial  water  treatmenl  of  the  secondary  water  was  very  sirr.t  - 
lar  to  one  used  by  commercial  water  treatment  firms:  40  to  50  ppm 
chloride.  40  to  80  ppm  phosphate  and  sulfite  5  to  10  ppm  with  pH  10.5 
to  IG.S.  The  stainless  steel  vessels,  SX-i.  were  tested  for  1227  hours. 

a.  Steam  generator  (SG-1) 

The  primary  surfaces  of  the  304  stainless  steel  steam  generator 
mere  cuatt-d  with  an  adherent  umform  dark  film.  Preferential  or 
localized  attack  were  not  observed.  Metailographic  examination  of  the 
heat-affected  zones  in  the  tube  sheet  and  tube  walls  disclosed  con¬ 
siderable  grain  boundary  carbide  precirdialion,  but  no  evidence  of 
preferential  attack.  The  Secondary  surfaces  were  coated  uniformly 
with  a  deposited  layer  of  rust-colored  corrosion  product.  X-ray  exam¬ 
ination  indicated  that  this  consisted  of  alpha-Fe^O^  and  Fe^O..  The 

ia>er  was  relatively  adherent,  but  much  of  the  coating  could  be  re¬ 
moved  by  brushing.  Figure  3?  shows  the  tube  assembly  as  removed 
from  the  shell  after  test.  Chemical  cleaning  of  the  tubes  yielded  bright 
reflectiv*  surfaces.  Micro  examination  of  the  tube  and  tube  sheet  dis- 
cJoSfd  complete  freedom  from  cracking.  Sectioning  o'  the  lube  sheet 
showed  that  only  limited  leakage  of  -water  into  the  crevice  area  had 

h.  Superheater  (SH-1) 

Testing  u:  the  .ii>4  stainless  steel  superheater  was  discontinued 
because  of  a  icuK  »h.ch  devei«*ped  in  the  -si-ai;  uf  the  vrnnci  after 
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hours  of  test  time.  Figure  40  is  a  photograph  of  the  area  of  failure. 
Major  leakage  occurred  in  the  tube  sheet  section  betureen  two  circum¬ 
ferential  welds,  with  a  small  amount  isscing  from  an  adjacent  leak  in 
the  secondary  shell.  The  tube  sheet  and  the  attached  shell  sections 
were  cut  longitudinally,  as  shown  in  Fig.  41.  to  expose  the  cracks  which 
caused  the  failure  of  the  unit.  Micro  examination  «,f  the  labeled  sections 
in  the  figure  showed  that  cracking  started  in  the  tube  sheet  at  the  end 
of  the  secondary  shell  crevice  and  propagated  inward,  mainly  in  an 
angular  direction  toward  the  centermost  portions  of  the  tube  sheet. 
Cracks  also  propagated  to  the  periphery  of  the  tube  sheet,  whicn  re- 
stilted  in  the  main  leak.  Closer  visual  examination  of  the  edge  of  the 
tube  sheet  exposed  several  other  cracks  of  1/4  inch  and  greater  which, 
however,  did  nut  show  signs  of  leakage.  .4t  the  point  of  leakage  in  the 
tube  siieet.  the  crack  propagated  through  the  secondary  shell  weld  and 
into  the  shell  itself,  where  additional  leakage  occui  red.  The  failure 
exhibited  typical  transgranular  stress  cor'-osion  cracking.  H.gher 
magnification  photographs  of  the  large  crack  as  shown  in  Fig.  42  give 
evidence  of  considerable  grain  boundary  attack  along  side  branchr-c  o- 
the  main  crack  due  to  sensitization  from  the  heat  of  Extcr.s.ve 

cracking  of  the  secondary  surface  of  the  tube  sheet  could  be  seen  by 
the  unaided  eye. 

Sectiens  made  through  the  tube  holes  which  were  checked  with  a  dye 
penetrant  test  revealed  the  extent  of  cracking  which  occurred  in  the 
tube  sheet.  This  is  shown  in  Fig.  43.  The  pcrliortS  of  the  tube  holes 
shown  in  Fig,  43  are  approximately  2-3/4  inches  long.  Penetration  ol 
liquid  and  corrosion  products  along  the  tube  crevice  from  the  second- 
a--y  criainber  varied  from  1  le  1-1/2  inches,  relativelj' consistent  with 
the  lengths  of  cracks  along  the  holes  on  the  tube  sheet. 

Extensive  cracking  of  the  tube  wall  was  also  found  in  the  areas  of 
leakage.  Figure  44  shows  cracks  in  a  tube  wall,  as  revealed  by  dye 
penetrant.  The  cracks  extended  completely  through  the  tubes  in  many 
cases,  making  it  possible  to  snap  the  half-sections  of  tubing  in  two  b\ 
hand.  Dye  penetrant  checks  and  metanr.grnphic  examination  of  the  tube 
sections  above  the  tube  sheet  revealed  no  evidence  of  cracking. 

The  primary  surfaces  showed  the  typical  dark,  adherent  c  >ating  and 
no  evidence  of  cracking.  The  secondary  surfaces  of  the  tubes  and  tube 
shevl  wei  e  covered  with  a  very  thin  i  eddish-brown  adherent  film  similar 
in  appearance  ’o  that  tin  the  secondary  surfaces  of  the  steam  generator. 

2.  .Analysis  of  Results 

There  is  no  doubt  that  Type  304  stainless  steel  and  probably  ail  of 
the  austenitic  stainless  steels  are  not  applicable  in  heat  exchangers 
unless  both  the  primary  and  secondary  water  systems  are  demineralized 
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Fig.  42a-  Stress  Corrosion  Cracks  in  Superheater  Shell  SH-1 
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Fag.  42b.  Grain  Boundary  Attack  Along  Main  Stress  Corrosion 
Crack  500x  Magn 
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and  particular  care  taken  to  eliminate  all  ox\^en.  The  early  failure 
cf  the  304  stainless  steel  superheater  confirmed  that  stressed  austen¬ 
itic  steels  are  readily  susceptible  to  stress  corrosion  cracking.  The 
entrainment  of  oxygen,  while  actually  very  low  in  percentage,  together 
with  intermittent  foaming  or  other  phenomena  which  permitted  dis¬ 
solved  boiler  constituents  to  enter  the  superheater  a^  become  con¬ 
centrated  as  evaporation  progresses,  created  conditions  conducive 
to  cracking  in  the  superheater. 

C.  TESTS  WITH  BIMETAL  VESSELS  (SG-2,  SH-2,  SG-4  AND  SH-4) 

The  bimetal  model  heat  exchangers  were  constructed  analogous  to 
tile  bimetal  miniature  heat  exchanger.  Only  carbon  steel  contacted  the 
secoodaiy  environment. 

1.  Tests  and  Results 


The  original  environment  in  SG-2  was  40  to  50  ppm  Cl,  -*0  to  80 
ppm  PO^.  6  to  10  ppm  SO^  with  pH  10.5  to  10.8.  This  C'catiuent  was 

modified  after  3833  hours  of  test  to  include  only  a  control  of  chloride. 
pH  and  oxygen,  with  the  chloride  concentration  increased  to  800  to 
1000  ppm. 

The  water  conditions  used  to  test  the  bimetal  steam  generator. 

SG-4.  were  tiiuSe  specified  fur  the  Sm-l  reaciur.  The  desired  eu- 
viroomental  controls  were:  0.5  ppm  chloride,  maximum  <  0.5  ppm 
ox>-gen  controlled  by  maintaining  10  ppm  sodium  sulfite.  200  ppm  totm 
solids  maximum,  and  pH  adjusted  to  8.5  with  trisodium  phosphate. 

Some  difficulty  was  encountered  with  chloride  contamination.  The 
source  of  the  chloride  contamination  wes  finally  traced  to  a  thin  film 
of  corrosion  products,  from  a  previous  test,  in  *he  blowdown  coil.  The 
occluded  chloride  was  leached  slowly  from  the  \.,‘rA'^'>ioa  film  into  the 
secondary  solution.  Th'  blowdown  coil  had  been  '>aned  after  previous 
use.  but  ai^rently  a  thin  fllm  remained.  After  recleaning  the  coil 
and  after  an  extended  flushing  of  the  secondary  system  with  deminer¬ 
alized  water,  the  cnlozide  concentration  remained  within  specification. 
During  the  entire  testing  period,  the  secondary  make-up  tank  was 
maintained  at  180”  F  to  expel  most  of  the  oxygen. 

a.  Steam  generator  (SG-2) 

This  steam  generator  was  service  tested  5041  hours,  along  with  the 
Limetal  superheater.  The  primary  surfaces  of  the  heat  exchanger 
were  enureiy  free  of  foreign  deposits,  but  contained  a  uniform  and 
adherent  dark  film.  The  secondary  surfaces  of  the  lubes,  tube  sheet 
and  shell  wai;  underwent  extensive  general  corrosion  and  were  covered 
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by  a  loosely  adhering  film  of  corrosion  products.  X-ray  anal^-sis  of  the 
deposit  sbosred  it  to  consist  of  alpha-Fe20^  and  Fc^O^.  There  vas 

extensive  tutting  of  the  surfaces,  particularly  under  the  tubercular 
groarths.  Figure  45  shows  the  surface  tuberculations  as  emidiasized 
by  oblique  lighting.  Areas  of  small  and  large  pits  are  readily’  apparent. 

The  large  pits  numbered  about  50  per  tube  and  often  penetrated  to 
the  stainless  steel.  Figure  46  shows  sections  of  the  tubes  at  some  of 
the  large  pits.  In  some  cases,  several  square  millimeters  of  stainless 
steel  surface  were  exposed.  Only  slight  attack  occurred  in  the  high 
carbon  rone  of  the  stainless  steel  clad  interface.  There  was  no  evidence 
of  pitting  or  stress  corrosion  cracking  in  the  stainless  steel  at  these 
points. 


The  lube-to-tube  sheet  crevices  remained  sealed  from  the  ccccndary 
water  for  the  greater  portion  of  th-  'r  lengths.  The  water  generally 
penetrated  the  crevice  approximately  1/4  to  1  inch  from  the  secondary 
tube  sheet  surface.  Little  corrosion  occurred  at  these  points. 

The  ID  surface  (stainless  steel)  of  the  tube  contained  ?  high  dtgrr^ 
of  grain  boundary  carbide  precipitation  in  the  beat-«ffecied  zone  neai 
the  weld.  The  high  carbon  zone  was  approximately  0.002  inch  in  depth 
and  can  be  attributed  to  pickup  during  normal  tube  fabrication.  The 
unheated  portions  of  the  tube  were  completely  free  of  precipitated 
carbides  at  the  surface.  In  no  case,  bowever,  was  there  evidence  of 
pr  ferential  grain  boundary  attack  from  the  high  purity  primary  water 
after  22  months  of  contact. 

h.  Superheater  (SH-2) 

The  secondary  surfaces  of  the  tubes  in  contact  with  the  steam  were 
extensively  corroded.  The  zones  outside  the  flow-baffle  area  suffered 
general  deep  pitting;  in  particular,  the  area  adjacent  to  the  tube  sheet 
was  deeidy  pitted.  The  area  under  the  baHle  was  generally  pittea  and 
had  isolated  areas  of  general  corrosion,  about  1/2  inch  in  diameter, 
which  penetrated  to  approximately  70  to  90%  of  the  carbon  steel  wall 
thickness.  The  attack  was  similar  to  uwt  shown  in  Fig.  46.  The 
smaller  pits,  covering  the  entire  tube  surfaces,  were  about  0.C40  to 
0.080  inch  in  diameter  by  about  0.020  inch  deep  and  about  100  per 
square  inch.  Figure  47  shows  examples  of  the  pitting  corrosion  and 
the  large  heavily  corroded  areas  found  under  the  flow  baffle.  The  tube- 
to-tube  sheet  crevices  remained  sealed  frAui  the  secondary,  as  did 
those  in  the  steam  generator.  A  heavy  deposit  of  loose,  scaly  cor¬ 
rosion  product  was  found  on  the  secondary  tube  sheet  surface.  X-ray 
examination  of  the  surface  deposits  showed  that  they  were  composed 
of  alpha  -Fe^Oj  and  Fe^O^. 
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This  lumetal  steam  generator  was  service  tested  for  4890  hours. 
Figure  48  shows  the  tubes  and  tube  sheet  with  the  secondary  shell  re¬ 
moved.  The  overall  appearance  of  the  vessel  contrasted  slurply  with 
the  bimetal  steam  generator,  SG-2.  A  very  small  amount  of  corrosion 
products  was  found.  The  secondary  surfaces  were  covered  completely 
with  a  reddish-brown  deposit.  X-ray  diffraction  of  the  material  scraped 
from  the  tubes  showed  that  the  principal  constituent  was  Fe^O^.  Emis¬ 
sion  spectroscopy  showed  that  Iron  was  almost  the  exclusive  metallic 
constituent  of  the  deposit.  The  corrosion  products  at  the  base  of  the 
tubes  on  the  tube  fihe«*t  'w«*re  found  to  be  mixed  iron  oxides  of  about  the 
same  composition  as  the  deposits  on  the  tubes. 

There  were  no  full  penetrations  of  the  low  carbon  steel  clad,  as 
occurred  in  the  bimetal  steam  generator  tested  previously.  The 
deepest  penetration  found  was  9  mils.  The  extent  of  corrosion  in  SG-4 
was  clearly  much  less  than  tbat  which  occurred  in  SG-2.  The  test 
times  for  the  two  are  comparable.  The  extent  of  corrcsior:  in  SG-4 
was  somewhat  more  than  expected,  considering  that  the  concentraLi-.>r.if 
of  chloride  and  ox3'gen  were  very  low. 

The  tubes  of  this  vessel  were  expanded  into  the  tube  sheet.  Therv 
was  no  penetration  of  the  crevice  by  the  secondary  environment. 

d.  5h:perhrater  (SH-4) 

The  st^ezbeater  was,  of  course,  service  tested  for  4890  hours,  along 
with  the  bimetal  steam  generator.  The  appearance  of  the  steam  gener¬ 
ator  after  the  removal  of  the  shell  is  shown  in  Fig.  49.  The  tubes  were 
covered  with  an  adherent  reddish-brown  d^iosit.  X-ray  diffraction  anal¬ 
ysis  showed  two  principal  patterns,  Fe202  and  ^^3^4*  4^^  corrosion 

products.  Emission  spectroscopy  showed  the  principal  comptment  to  be 
iron.  Ibere  was  a  sli^tly  greater  quanti^  of  corrosion  products  .ni  the 
tube  sheet  of  the  superheater  than  on  the  steam  generator.  X-ray  dif¬ 
fraction  analysis  showed  that  the  corrosion  product  on  the  tube  sheet 
bad  the  same  composition  as  the  deposit  on  the  tubes.  Just  as  the  steam 
generator  from  this  set  was  not  ntrarly  as  corroded  as  the  steam  gener¬ 
ator  from  the  previousU'  tested  set,  so  the  siqierheater  was  not  nearly 
as  corroded  as  the  one  tesied  earlier.  The  deepest  pit  found  in  tlie  sur¬ 
face  of  the  secondary  tubing  was  about  3.5  mils.  The  worst  pitting 
on  the  tubes  near  the  tube  sheet. 


2.  Analysis  of  Results 

In  the  dynamic  system  reported  here,  where  all  oxygen  was  not 
eliminated,  the  thick  layer  of  corrosion  products  -educed  the  steaming 
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rate  from  about  70  Ib/hr  initially  to  about  48  Ib/hr  finally.  Con¬ 
siderable  difficulty  was  encountered  in  maintaining  the  proper  steam¬ 
ing  rate  and  attendant  superheat  control.  Corrosion  in  the  steam  gen¬ 
erator  (SG-4)  with  no  oxygen  or  chloride  was  more  than  expected  but 
the  extent  corrosion  was  clearly  much  less  than  in  the  steam  gen¬ 
erator  (SG-2)  containing  oxygen.  The  absence  of  stress  corri.=ion 
cracks  in  the  bimetal  vess^,  as  expected,  is  an  indication  that  low 
carbon  steels,  even  when  stressed,  do  not  experience  this  phenomenon. 


D.  TESTS  WITH  CROLOY  16-1  VESSELS 
1.  Tests  and  Results 

The  desired  environmental  controls  for  these  test  vtfssels  were: 

8C&  to  1000  ppm  chloride.  pH  8.3  to  9.5  and  no  oxygen  (controlled  with 
sulfite).  Considerable  difficulty  was  encountered  in  trying  to  maintain 
these  secondary  water  conditions.  Much  of  this  difficulty  was  traceable 
to  the  large  amounts  of  corrosion  products  which  originated  mostly  in 
the  wrought  •-c.:  piping  in  front  of  the  steam  generator.  The  corrosiew 
products  we.  imped  into  the  steam  generator  with  the  m^Ve-up  water. 
As  the  corrosion  products  settled  onto  the  tube  sheet,  chloride  was 
occluded  onto  the  particle  surfaces.  The  chloride  concentration  fluc¬ 
tuated  as  the  deposit  on  the  tube  sheet  was  agitated  by  action  in  the 
steam  genet  atur.  The  use  of  sulfite  was  not  specified  for  the  control 
of  oxygen,  but  was  arbitrarily  adopted  in  an  effort  to  control  its  con¬ 
centration. 

a.  Steam  generator  (SG-5} 

The  Croloy  16-1  steam  generator  was  service  tested  for  4253  hours. 
Upon  removal  of  the  secondary  shell,  the  appearance  of  the  tubes  wa^ 
as  shown  in  Fig.  30.  a  closeup  of  the  tube  ei^.  The  discontinuous 
Illm  of  corrosion  products  indicated  that  active  cells,  probably  pits, 
occurred  beneath.  Subsequent  investigation  showed  that  this  was  the 
case.  The  depth  of  pits  ranged  to  two  mils.  A  considerable  agglomera¬ 
tion  of  corrosion  products  was  found  at  the  base  of  the  tabes  on  the 
tube  sheet. 

The  interior  of  the  secondary  was  completely  covered  with  typical 
red  rust  to  a  thickness  of  about  17  mils.  X-ray  diffraction  of  the  ma¬ 
terial  scraped  from  the  lubes  showed  that  the  principal  constituent  was 
FCgO^.  X-ray  diffraction  of  the  agglomerate  from  the  base  of  the 
tubes  showed  it  was  composed  mairJy  of  CaCO^.  Emission  spectro- 

sct»p>-  identified  Ca  as  the  principal  component  of  the  agglomerate.  It 
IS  notable  mat  me  two  samples  of  corrosion  products  were  dissimilar, 
because  lids  fact  helped  to  identify  the  source.  The  source  of  the 
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profuse  amount  of  agglomerated  material  and  loose  corrosion  products 
was  undoubtedly  the  secondary  feed  system.  The  entire  secondary  feed 
system  was  rebuilt  with  stainless  steel  after  this  test. 

All  the  tubes  were  rolled  into  the  tube  sheet  of  MOD  SG-5.  There¬ 
fore,  environmental  chemicals  were  excluded,  except  for  the  first 
1/2  inch  from  the  tube  sheet  surface.  No  cracks  were  found  in  the 
crevice  in  the  vicinity  of  the  seal  weld,  as  in  the  Croloy  16-1  min¬ 
iatures. 

b.  Superheater  (SH-S) 

The  appearance  of  the  SH-5  superheater  after  the  test  iS  shown  in 
Fig.  51.  a  closcup  of  the  tubes.  Many  tubcrculations  of  vaiying  sizes 
occurred  on  the  tubes.  X-ray  diffraction  of  the  deposit  showed  two 
dominant  patterns.  NaCl  and  Fe^Oj.  Emismon  spectroscopy  showed 

the  principal  components  of  the  deposit  to  be  Fe  and  Na. 

The  depth  of  pits  under  the  tuberculations  ranged  to  40  mils. 

The  taees,  after  cicaaiag,  were  generally  bright  metal  mAh  many 
isolated  areas  contaimng  deep  pits.  .4s  expects,  there  was  no  pene¬ 
tration  of  the  rolled  tube  crevices  by  the  secondary  environment. 

2.  Analysis  of  Results 

Ths  general  resistance  of  Croloy  16-1  to  corrosion  was  good  but, 
unfortunately,  the  corrosion  which  did  occur,  occurred  as  pitting.  The 
superheater,  SH-5.  was  pitted  severely,  which  prevents  an  estimation 
of  ils  service  life.  Extensive  pitting  to  half  the  thickness  of  the  tube 
wall  was  fdund  in  manv  areas. 


E.  TESTS  WITH  INCONEL  VESSELS  (SG-6.  SH-6.  SG-7  AND  SH-7) 

1.  Tests  and  Results 

The  environment  in  the  SG-6  steam  generator  was  800  to  1000  ppm 
chloride  with  pH  8.3  to  9.5  and  no  oxygen  (controlled  with  sulfite).  In 
contrast,  the  secondary  environment  in  SG-7  steam  generator  was  9.5 
ppm  chloride.  150  ppm  phosphate.  10  ppm  sulfite,  with  total  solids  i73 
to  200  ppm  and  pH  iO  to  iC-.5. 

In  SG-7  and  SH-7.  l/2-inch  Inconel  tubing  »as  sub:.*..:utcd  fur  the 
usual  3/4 -inch  tubing  normally  used  in  the  test  heat  exchangers.  The 
design  was  modified  slightly  to  provide  equivalent  heat  transfer  surface. 
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a.  Steam  generator  (SG-6) 


This  vessel  was  service  tested  Tor  3819  hours.  At  first  glance, 
the  appearance  of  the  tubes  in  this  steam  generator  was  discouraging 
(see  Fig.  52).  However,  investigation  showed  that  the  Inconel  was 
remarkably  resistant,  even  under  the  severe  test  conditions.  The 
boiler  scale  was  about  23  mils  thick  and  had  just  started  to  flake  off. 
Despite  the  poor  appearance,  the  only  deleterious  effect  of  the  boiler 
scale  was  a  lowering  of  heat  tratisfer  rale.  In  the  areas  where  flaking 
occurred,  the  lustrous  surface  of  the  tubes  is  visible  (Fig.  52).  After 
chemically  cleaning  the  tubes,  they  were  bright  and  lustrous  and  the 
surface  retained  score  marks  and  scratches  from  fabrication.  .A  few 
limited  areas  of  surface  dulling  with  smaller  areas  of  incipient  surface 
roughening  did  occur. 

X-ray  diffraction  of  the  boiler  scale  identified  the  major  constituent 
as  CaSO^.  The  results  strongly  suggest  that  in  consideration  of  heat 

transfer  and  service,  the  secondary  water  should  undergo  seme  puri¬ 
fication  before  it  enters  the  steam  generator. 

The  environmental  chemicals  did  not  penetrate  the  tube-to-tubc 
sheet  crevice.  The  tubes  were  rolled  into  the  tube  sheet.  Ko  cracks 
or  pits  were  found. 

b.  Superheater  (SH -6) 

After  the  3Slt*-hoar  test,  the  tubes  of  the  Inconel  superheater  ap¬ 
peared  as  s'nown  in  Fig.  53.  A  gray-white  film  about  four  mils  thick 

covered  the  tubes.  X-rav  diffraction  identified  the  scale  as  CaSO.. 

"  4 

After  cleaning,  the  tubes  appeared  similar  to  those  in  the  steam  gen¬ 
erator  (SG-6).  except  there  was  no  surface  roughening.  There  was  no 
penetration  of  the  crevice  at  the  rolled  tubes  in  this  superheater.  No 
cracks  or  pits  were  found. 

c.  Steam  generator  (SG-7) 

This  vessel  was  service  tested  for  4747  hours  with  no  failure. 

Fig.  54  shows  the  tubes  after  test.  The  tubes  were  covered  with  a 
thin,  adherent  reddish-brown  deposit  which  X-ray  diffraction  analysis 
identified  as  mixed  iron  o.xides.  mostly  Fe202.  After  cleaning,  the 

tubes  appeared  bright  and  lustrous,  as  shown  in  Fig.  ?5. 

The  agglomerate  of  currosiua  products  on  the  tube  sheet  at  the  base 
of  the  tubes  had  the  same  composition  as  the  coating  on  the  tubes,  ex¬ 
cept  for  a  minor  inclusion  of  CaCO^-  No  corrosion  products  were 
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found  in  the  crevice  between  the  expanded  tube  and  the  tube  sheet.  No 
cracks  or  pits  were  found  on  any  of  the  secondary  surfaces  of  the 
inconel  tubiujj. 

d.  Superheater  (SR-7) 

The  superheater  was  tested  47'i7  hours,  along  with  the  steam  gen¬ 
erator.  The  tubes  appeared  as  shown  in  Fig.  55  after  removal  of  the 
secondary  shell.  The  tubes  were  covered  with  a  loosely  attached,  pale, 
reddish-brown  Him  very  similar  to  the  film  on  the  tubes  in  the  Inconel 
steam  generator  SG-7.  The  principal  constituents  were  identified  as 
FeaO^  and  Fe203  by  X-ray  diffraction  analysis.  Emission  spectro¬ 
scopy  showed  that  the  metallic  constituent  was  almost  exclusively  Fe. 
After  cleaning. the  tubes  were  similar  in  appearance  to  these  from  the 
steam  generator  (see  Fig.  55).  No  cracks  or  pits  were  found  in  any  of 
the  Inconel  tubing.  Thera  was  no  emdronmental  penetration  of  the 
crevice  between  the  expanded  tube  and  the  tube  sheet. 

2.  Analysis  of  Results 

Inconel  was  the  besl  material  tested.  The  Inconel  tubes  in  the 
steam  generetor  and  the  superheater  which  were  tested  in  reactor 
quality  water  were  almost  completely  unaffected  by  the  environment. 
Even  when  exposed  to  water  which  contained  a  high  concentration  of 
dissolved  chloride.  Inconel  showed  a  resistance  superior  to  all  other 
materials  tested. 


I 
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vn.  CONCLUSIONS 

Of  the  metals  tested,  only  the  austenitic  stainless  steel.  AISI  Type 
304,  suffered  stress  corrosion  cracking.  The  ferritic  stainless  steel, 
Croloy  16-1  and  low-carbon  steel  pitted  extensively.  Monel  and  nickel 
were  pitted  slightly.  Inconel  was  attacked  only  superficial  tv. 

Admittedly,  the  test  environments  in  must  cases  were  severe;  but 
this  was  intentional  and  was  specifieu  to  emphasize  differences  beiweeii 
the  various  metals  tested.  On  the  basis  of  these  several  tests.  Type 
304  stainless  steel  and  Croloy  16-1  must  be  rejected  for  long  term 
use  in  heat  exchangers,  unless  elaborate  precautions  are  taken  t© 
remove  detrimental  constituents  from  the  secondary  environment  and 
also  from  the  primary  environment.  The  applicability  of  low-carbon 
steel  is  in  doubt  even  with  a  high  purity  secondary  environment. 

Monel  and  nickel  pitted  slightly  in  a  pure,  as  well  as  an  impure, 
secondary  environment.  The  severity  of  the  attack  did  no*  appear  t<, 
be  related  to  the  chloride  concentrations  in  the  rcspectiv*-  environments. 
The  attack,  albeit  very  slight,  particularly  in  the  high  purity  enviruu- 
ment.  must  result  in  ranking  these  materials  below  Inconel  in  tne 
evaluation  for  steam  generator  service. 

By  all  criteria.  Inconel  was  far  superior  to  any  materia-  tested. 

Even  in  a  very  severe  environment  with  extended  i-xjjosure  at  high 
lemperalure.  lucuitel  suffet  cd  iiardly  more  than  superficial  attack. 

On  the  basis  of  the  several  tests  reported  here,  we  must  conclude  that 
1  aconel  is  the  most  serviceable  material  yet  tested  for  steam  genvrnlor 
and  superheater  service. 

Rolling  of  the  heat  exchanger  tubes  into  the  tube  sheet  should  con¬ 
tinue  to  be  specified.  In  these  tests,  there  was  very  limited,  if  a:.y, 
penetration  of  crevices  formed  by  the  lubes  which  had  been  expanded 
i»jio  ihe  lube  sheet,  whereas  there  was  always  penetration  in  the  crev¬ 
ices  where  lubes  were  not  expanded.  In  the  vapor  phase,  the  jienetra- 
uon  always  continued  to  the  seal-weld  of  the  tube-lo-tube  sheet.  Con¬ 
centration  of  solids  in  the  crevice  and  potential  detrimental  effects 
due  to  corrosion  can  be  eliminated  rather  cheaply  by  r»<iling.  in  addi¬ 
tion,  lube  f:t-up  IS  improved  and  the  probability  of  weld  defects  greatly 
reduced. 

Little  can  be  added  to  Uur  stale  of  the  art  concert::iig  the  ireaimeni 
of  secondary  water  for  use  in  a  si  earn  generator  fabricated  with  inconel 
lubes  and  Icw-carbon  -cr-’l  he  shc^t.  lu  out  icsis.  ihe  con¬ 

centration  of  chloride  and/or  oxygen  appeal  ed  to  be  unrelated  to  the 
incipient  attack  which  inconei  suffert-d.  Necrdiess  to  say.  s-ifficient 
ireaimenl  v.  remove  boiler  sralc  an:or>s,  calcium  and  magnesium,  is 
required.  Evaporators  are  applicable  f.»r  tins  i»urpoi.c.  The  mr  idental 
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removal  of  chloride  along  with  the  calcium  and  magnesium  is  beneficial 
because  of  its  definite  adverse  affect  on  the  low-carbon  steel  compo¬ 
nents  of  the  heat  exchanger.  Deaerators  offectivelj'  remove  dissolved 
gases  from  the  evaporator  feedwater.  Injection  of  sulfite  or  other  ox\  - 
gen  scavengers  into  the  secondary  fee-lwater  removes  the  last  traces 
of  oxygen. 

By  all  appearances.  Inconel  is  sufficiently  resistant  to  highly  impure 
environments  to  withstand  untreated  secondary  water.  However,  the 
problem  of  boiier  scale  formation  would  be  virtually  insurmountah-e. 
The  carbon  steel  Inbe  sheet  and  shell  would  most  likely  be  the  portions 
of  the  steam  generator  which  would  suffer  most  in  untreated  secondary 
water. 
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